Polarization of K-shell dielectronic recombination satellite lines of Fe
  XIX-XXV and its application for diagnostics of anisotropies of hot plasmas by Shah, Chintan et al.
DRAFT VERSION AUGUST 30, 2018
Preprint typeset using LATEX style emulateapj v. 01/23/15
POLARIZATION OF K-SHELL DIELECTRONIC RECOMBINATION SATELLITE LINES OF Fe XIX–XXV AND ITS
APPLICATION FOR DIAGNOSTICS OF ANISOTROPIES OF HOT PLASMAS
CHINTAN SHAH1, 2, ∗ , PEDRO AMARO1, † , RENÉ STEINBRÜGGE2, § , SVEN BERNITT2, 3 , JOSÉ R. CRESPO LÓPEZ-URRUTIA2 , AND
STANISLAV TASHENOV1
1Physikalisches Institut der Universität Heidelberg, 69120 Heidelberg, Germany
2Max–Planck–Institut für Kernphysik, 69117 Heidelberg, Germany and
3Institut für Optik und Quantenelektronik, Friedrich-Schiller-Universität, 07743 Jena, Germany
Draft version August 30, 2018
ABSTRACT
We present a systematic measurement of the X-ray emission asymmetries in the K-shell dielectronic, trielec-
tronic, and quadruelectronic recombination of free electrons into highly charged ions. Iron ions in He-like
through O-like charge states were produced in an electron beam ion trap, and the electron-ion collision energy
was scanned over the recombination resonances. Two identical X-ray detectors mounted head-on and side-on
with respect to the electron beam propagation recorded X-rays emitted in the decay of resonantly populated
states. The degrees of linear polarization of X-rays inferred from observed emission asymmetries benchmark
distorted-wave predictions of the Flexible Atomic Code (FAC) for several dielectronic recombination satellite
lines. The present method also demonstrates its applicability for diagnostics of energy and direction of electron
beams inside hot anisotropic plasmas. Both experimental and theoretical data can be used for modeling of hot
astrophysical and fusion plasmas.
Keywords: atomic data – atomic processes – plasmas – line: formation – polarization – methods: laboratory:
atomic – X-rays: general
1. INTRODUCTION
The major part of all visible matter in the Universe is in
a state of highly-ionized hot plasma. In most astrophysi-
cal plasmas the electrons reach thermodynamic equilibrium
where their velocities are distributed isotropically following
the Maxwell-Boltzmann law. Such plasmas emit isotropic
and unpolarized radiation. However, at very high elec-
tron energies, the electron velocity distribution may become
anisotropic. Anisotropic plasmas are found prominently in
solar flares (Haug 1972, 1979, 1981; Emslie et al. 2008). X-
rays emitted from such plasmas are usually highly anisotropic
and polarized (Inal & Dubau 1987, 1989). Anisotropic plas-
mas are also found in pulsars (Weisskopf et al. 1976, 1978;
Vadawale et al. 2017), in neutron stars (Weisskopf et al.
2006), and around accreting black holes (Dovcˇiak et al. 2004,
2008; Nayakshin 2007) (see also Kallman (2004) and ref-
erences therein). They also appear prominently in labora-
tory plasmas where electron-ion collisions are directional,
e.g., tokamak plasmas (Fujimoto et al. 1996), ECR plas-
mas (Iwamae et al. 2005), and laser-produced plasmas (Ki-
effer et al. 1993). Since the X-ray polarization is caused by
the plasma anisotropy, polarization measurements can pro-
vide valuable and often unique insights into physical condi-
tions of such plasmas. It can reveal the distributions of non-
thermal or suprathermal electrons, an orientation of electron
or ion beams in plasmas, and it can likewise tell us orienta-
tions of magnetic fields present inside the plasmas. Indeed, in
astrophysics, X-ray polarization measurements are the only
way to derive information on the geometry of angularly unre-
solved sources (Krawczynski et al. 2011).
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Interpretation of the spectral features from hot anisotropic
plasmas requires understanding of different atomic excitation
mechanisms that can lead to polarized X-ray emission. Polar-
ized X-ray continuum can be produced by bremsstrahlung and
radiative recombination (Tashenov et al. 2006, 2011, 2014);
at the same time, direct electron-impact excitation, radiative
cascade, and dielectronic recombination can produce charac-
teristic polarized X-ray lines (Beiersdorfer et al. 1996; Takács
et al. 1996; Beiersdorfer et al. 1997; Nakamura et al. 2001;
Shlyaptseva et al. 1998, 1999). The construction of a reli-
able model requires a systematic understanding of each of
these components, and calculations of them have to be bench-
marked against experiments. The aim of this paper is to
study the polarization of Fe Kα X-ray lines produced by di-
electronic recombination and to provide experimental bench-
marks under well-controlled conditions.
Dielectronic recombination (DR) (Burgess 1964) is the
dominant electron-ion collision process, active in both pho-
toionized and collisionally ionized high-temperature plasmas.
As a line formation mechanism in plasmas, the total cross sec-
tions of DR surpass those of all other processes by orders of
magnitude. DR is a resonant two-step process, in which a
free electron is captured into an ion while a bound electron
is simultaneously excited. Thereby, an intermediate excited
(autoionizing) state, or resonance, is formed. DR process
is completed by radiative emission, which is the dominant
channel in highly charged ions, as opposed to Auger emis-
sion. It strongly influences total recombination rates, and thus
the charge balance of hot plasmas (Dubau & Volonte 1980).
DR also provides resolved spectral lines which can be utilized
for plasma temperature and density diagnostics (Widmann
et al. 1995; Kato et al. 1998; Porquet et al. 2010). Therefore,
an exact knowledge of DR cross sections is needed not just
to understand astrophysical observations (e.g., recent results
of Hitomi Collaboration et al. (2016)), but also to benchmark
widely used X-ray spectral models such as AtomDB (Foster
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et al. 2012), SPEX (Kaastra et al. 1996), and CHIANTI (Del
Zanna, G. et al. 2015) for hot collisional plasmas.
Beyond DR, more exotic higher-order resonant recombina-
tions such as trielectronic recombination (TR) or quadruelec-
tronic recombination (QR) are also relevant. Here, a min-
imum two or even three bound electrons can be simultane-
ously excited upon the capture of a free electron, leading to
TR and QR, respectively, see Fig. 1. The recombination rates
in low-temperature photoionized plasmas were shown to be
dominated by intra-shell (n=2–2) TR (Schnell et al. 2003; Or-
ban et al. 2010). Similarly, inter-shell (n=2–1) TR was re-
cently measured and found to have a sizable and even greater
strength compared to DR for astrophysically relevant low-Z
ions (Beilmann et al. 2011, 2013b). It is therefore also neces-
sary to include these channels in the plasma model to predict
accurately ionization balance (Beiersdorfer 2015; Shah et al.
2016).
Several experimental and theoretical investigations were
performed on DR of highly charged ions. The intra-shell
low-energy DR rate coefficients were measured at storage
rings (Savin et al. 2002, 2003, 2006; Lukic´ et al. 2007; Or-
ban et al. 2010), while inter-shell high-energy DR strengths
and rate coefficients were measured at electron beam ion traps
(EBITs) (Beiersdorfer et al. 1992; Fuchs et al. 1998; Smith
et al. 2000; Yao et al. 2010; Ali et al. 2011; Hu et al. 2013).
However, due to the directionality in electron-ion collisions as
well as due to the geometry of these devices, emitted X-rays
are usually anisotropic and polarized. In such cases, accurate
values of the line polarization are important for interpreting
high-resolution measurements and extracting accurate recom-
bination rate coefficients.
Apart from the application relevance of DR in plasmas, the
interest in DR also arises from the point of view of under-
standing electron-electron interaction in the strong Coulomb
fields of highly charged ions. The relativistic effect in the
electron-electron interaction is known as the Breit interac-
tion (Breit 1929). It includes magnetic interactions and the re-
tardation in the exchange of a virtual photon between the elec-
trons. While its effect on energy levels is considered as a mod-
est correction, it significantly changes the DR cross sections
and the polarization of DR X-rays for high-Z ions (Nakamura
et al. 2008; Fritzsche et al. 2009; Hu et al. 2014; Shah et al.
2015; Nakamura 2016; Amaro et al. 2017).
Here, we present a comprehensive experimental and theo-
retical study on the polarization of X-rays produced by KLL
DR of highly charged Fe ions. In KLL DR, a bound K-shell
electron is excited to L-shell by recombination of a free elec-
tron from continuum to L-shell. An entire set of observed
recombination resonances of Fe XIX–XXV ions are ana-
lyzed to systematically benchmark distorted-wave predictions
of Flexible Atomic Code (FAC: Gu (2008)) on line energies,
resonance strengths, and polarization of DR X-rays. In the
course of this work, we also demonstrate an application of the
present data for diagnostics of anisotropies of hot plasmas.
The paper is organized as follows. The experimental ar-
rangement is described in Sec. 2. In Sec. 3, the data anal-
ysis method and results are presented. A theoretical outline
with a short account of basic formulas is given in Sec. 4 de-
scribing the calculation of DR strengths and polarization of
DR X-rays. There we also outline the comparison between
the experimental and theoretical results. In Sec. 5, we show
an example of the application of measured polarization data
for diagnostics of hot anisotropic plasmas, namely we diag-
nose the electron cyclotron motion in an EBIT. A summary
and conclusion of the present work are given in Sec. 6. All
theoretical values are presented in appendix A which is also
provided as machine-readable tables.
2. EXPERIMENT
The experiment was performed at an electron beam ion trap
(FLASH-EBIT) at the Max-Planck-Institut für Kernphysik,
Heidelberg, Germany. The FLASH-EBIT, described in de-
tail by (Epp et al. 2010), was designed for photonic studies
of highly charged ions and has been used in several exper-
iments at synchrotrons and free electron lasers (Epp et al.
2007; Bernitt et al. 2012; Rudolph et al. 2013; Steinbrügge
et al. 2015). FLASH-EBIT uses a nearly unidirectional mo-
noenergetic electron beam to produce highly charged ions
through successive electron impact ionization. The negative
space charge potential of the electron beam traps ions radially;
while along the electron beam direction ions are trapped axi-
ally by the different potentials applied to a set of surrounding
drift tubes. Further potentials are applied to these drift tubes
to change the electron beam energy without affecting the trap
potentials. A high magnetic field of 6 T at the trap compresses
the electron beam to a radius of ≈ 24 µm. This value is
calculated according to (Herrmann 1958), and is confirmed
within the present experiment (see Sec. 5). Iron was continu-
ously injected into the trap in the form of iron pentacarbonyl
molecules with a help of the differential pumping system.
The pressure at the injection and trap was 1.1× 10−7 mbar
and 1.5× 10−10 mbar, respectively. Overall, FLASH-EBIT
was operated under ultrahigh vacuum conditions (≤ 5×10−10
mbar).
For steady-state conditions (Penetrante et al. 1991a), the
electron-ion collision energy was swept over the range of
DR, TR, and QR resonances exciting K-shell electrons in iron
ions. The electron beam energy was continuously scanned
from 4.5 keV to 5.2 keV at a sweep rate of 1.16 eV/s in a tri-
angular shape waveform. The experimental parameters were
optimized for two criteria as follows:
(a) A deeper trap with a higher density of ions in high charge
states (e.g., He-, Li-like ions): For this purpose, the deeper
axial trap was used at 100 mA electron beam current. The
trap was dumped repeatedly for one second every 20 seconds.
With this high beam current and deep trap setting, an electron-
ion collision energy resolution of 11 eV FWHM at 5 keV was
achieved.
(b) For observation of the weak and blended higher-order res-
onances, a higher energy resolution is required. Therefore, in
this case, we improved the energy resolution by application of
Table 1
Operational parameters of the FLASH-EBIT in the present experiment. (a)
and (b) corresponds to two different measurements.
Parameter Value
Electron beam current (a) 100 mA (b) 70 mA
Magnetic field 6 T
Trap offset potential (a) 110 V (b) 20 V
Scan energy 4.5 – 5.2 keV
Sweep rate 1.16 eV/s
Beam radius ≈ 24.4 µm (Herrmann 1958)
22.6 ± 4.2 µm (See Sec. 5)
Trap length 50 mm
Dump cycle (a) 20 s (b) 5 s
Pressure of gas injector (a) 1.2×10−6 mbar
(b) 1.1×10−7 mbar
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Figure 1. Experimental setup and data map of Fe XIX-XXV ions. A compressed monoenergetic electron beam of an EBIT produces and traps highly charged
Fe ions. The electron-ion collision energy Ee was tuned into the KLL recombination resonances and the subsequent X-ray fluorescences were observed by two
germanium detectors at 0◦ and 90◦ with respect to the electron beam propagation axis. Upper plot: Intensity of X-rays observed along the beam axis as a function
of the electron beam and X-ray energies. Lower plot: A difference in the X-ray intensities observed by the two detectors, and the solid gray line shows this
difference qualitatively. Some examples of individual resonances due to DR, TR, and QR recombination channels are also marked and they are identified by the
charge state of the initial ion. (Modified from Shah et al. (2016))
an evaporative cooling technique (Penetrante et al. 1991b) in
combination with a moderate electron beam current (70 mA
here) sufficient for an efficient ionization and recombination
yield. This was achieved by lowering the axial potential well
applied to the drift tubes. The ion dump cycle was shortened
to 5 sec to reduce the accumulation of unwanted heavy ionic
species like tungsten and barium emitted from the hot cathode
of the electron gun. Additionally, this helped to shift the ion-
ization balance towards lower charge states where TR and QR
are more prominent. With this method, an excellent electron-
ion collision energy resolution of 6 eV FWHM at 5 keV was
achieved. We note that the resolution in this energy range was
better than in any previously reported measurements and al-
lowed to distinguish well-resolved TR and QR along with DR
resonances. A list of operational parameters of the FLASH-
EBIT is summarized in Table 1.
To observe the X-ray emission asymmetry, the radiative
decay of resonantly exited states has been simultaneously
observed by two identical liquid nitrogen cooled solid-state
germanium detectors aligned parallel (0◦) and perpendicu-
lar (90◦) to the electron beam propagation axis, see Fig. 1.
Both detectors have an intrinsic X-ray energy resolution of
approximately 550 eV FWHM at 13 keV. X-ray detectors
at EBITs are typically mounted perpendicular to the electron
beam propagation axis. For this experiment, a beryllium win-
dow was installed behind the electron beam collector in or-
der to place there another identical germanium detector along
the electron beam axis. However, at this observation point,
solid angle and X-ray flux are both significantly reduced as
compared to the detector mounted perpendicular to the elec-
tron beam propagation axis. The solid angle of detection was
8.7×10−3 sr for the detector at 90◦, whereas the solid angle
for X-ray detection along the electron beam was 7.3×10−4 sr.
Hence, the detector at 0◦ covered less solid angle compared
to the one at 90◦ by a factor of ≈ 11.9.
The intensity of X-rays observed at 0◦ with respect to elec-
tron beam propagation direction is shown in the upper data in-
set of Fig. 1 as a function of the electron beam and the X-ray
energies. A similar histogram was obtained for the detector
at 90◦. The X-ray energy was calibrated using the X-ray ra-
diation from an Americium-241 radioactive isotope, whereas
the electron beam energy was calibrated using theoretical res-
onance energies. The visible bright spots are KLL DR reso-
nances in He-like to O-like iron ions. Each resonance is usu-
ally identified by the initial charge state of iron in which reso-
nant recombination occurred. X-rays due to radiative recom-
bination (RR) into the L-shell (n=2) appear as a background.
The RR X-ray energy is equal to the sum of the electron en-
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Figure 2. Top panel shows the extracted emission asymmetriesR (black solid squares) for individual resonances and the corresponding predictions with Breit
interaction included (magenta open circles). Middle panel shows the X-ray intensities registered by the two germanium detector plotted as a function of electron
beam energy. Each line is identified by one or more excited state formed by a given charge state and process in Table 2. Vertical markers represent the order
of recombination. Blue: DR, Red: TR and Green: QR. The background due to radiative recombination was subtracted from both spectra. Bottom panel shows
synthetic spectra – a differential resonance strength (dS/dΩ) as a function of electron beam energy. The black solid lines and the red shaded areas correspond
respectively to the X-rays observed along and perpendicular the electron beam in both middle and bottom panels. The labels (a) and (b) correspond to the two
different measurement schemes, their parameters are shown in Tab. 1.
ergy Ee and the binding energy Eb of the L-shell, see Fig. 1.
3. DATA ANALYSIS AND RESULTS
The X-ray intensity as a function of electron beam energy
was obtained by integrating the X-rays observed within the
X-ray energy interval of the KLL resonances. In this way, X-
rays emitted in bremsstrahlung and RR into K, M and higher
shells were excluded. This procedure is essential to reduce
the background and observe weak resonances. Several reso-
nantly excited X-ray transitions due to DR, TR, and QR were
observed in the region of interest, see Fig. 2. They were iden-
tified by extensive and detailed calculations using FAC (Gu
2008). The computational details are described later in Sec. 4.
Corresponding theoretical resonance strengths were also cal-
culated in order to quantify the relative weights that unre-
solved excited states contribute to the X-ray lines. Figure 2
shows several well-resolved DR, TR, and QR satellite transi-
tions.
The electron beam energy can be described by the sum of
all accelerating potentials that are applied minus the net space
charge potential due to the negatively charged electrons of the
beam as well as the positively charged ions accumulated in the
trap volume. The energy-dependent part of the space charge
potential was calculated at maximum and minimum accelera-
tion potentials and can be considered to be constant along the
energy scan (Penetrante et al. 1991a). Thus, the electron beam
energy scale can be calibrated using theoretical resonance en-
ergies. The electron beam energy scale of measurement (a) in
Fig. 2 was calibrated using X-ray lines 1 and 8, corresponding
to energies of 4554.4 eV and 4697.8 eV, respectively. Simi-
larly, for measurement (b), the X-ray lines 20 (4858.9 eV) and
31 (4952.2 eV) were employed for the calibration.
The observed spectra need to be corrected for the de-
tector solid angles and the background arising from the L-
shell RR. We consider the intensity of RR as a linear func-
tion of the electron beam energy, which we fit and sub-
tract from the total intensity. The solid-angle factor can be
corrected using a DR transition theoretically known to be
isotropic. For the measurement (a), we selected the DR res-
onance [1s2s2]1/2 (line 1) of initially He-like ions to obtain
Ω0◦/Ω90◦ = 0.09± 0.02. In the measurement (b), the ob-
served isotropic transitions have very low intensities. Hence,
we calculated the detector solid angles using line 31 – the
TR resonance [1s2s22p1/22p33/2]J=3/2 of initially C-like ions.
It has a theoretical intensity ratio of I0◦/I90◦ = 1.55. We
selected it for its higher resonance strength and null influ-
ence of the Breit interaction on its angular distribution (Gail
et al. 1998). Moreover, our previous experiments on Kr
have confirmed the theoretical ratio for this line (Shah et al.
2016). The measured ratio of solid angles was found to be
Ω0◦/Ω90◦ = 0.082± 0.003. In both cases, used normaliza-
tion resonances are well separated from the neighboring tran-
sitions. After correction for these effects, the corresponding
intensity differences indicate an anisotropic X-ray emission
for most of the resonances. The red shaded area in Fig. 2 rep-
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resents the X-ray intensity along the direction of the electron
beam multiplied by the solid-angle factor.
Since the electron beam energy spread follows a normal dis-
tribution and the natural width of the excited state is much
lower than this energy spread, spectral resonances can be well
described by a Gaussian function. The amplitude and ener-
gies Eres of the resonance lines, including partially blended
resonances, were obtained by fitting the measured spectrum
with the Gaussian functions. Since the fine-structure splitting
scales with Z4, resonances in low-Z elements, such as iron, are
not well resolved. Therefore, the selected energy region con-
tains a high density of excited states. For this reason, we used
the following criterion to avoid unwanted spurious effects due
to possible interference between two or more excited states in
the fitting process. We considered only those excited states
having energy differences larger than half of the collision en-
ergy resolution – namely for part (a) 5 eV and for part (b)
3 eV. Moreover, the excited states having relative resonance
strength smaller than≈ 5% compares to the neighboring lines
were not considered in the fitting procedure.
By applying the above criteria, the amplitudes and centroids
corresponding to each resonance were fitted to the spectrum
of X-rays observed perpendicular to the electron beam propa-
gation direction. Due to the larger solid angle of this detector,
this spectrum had significantly higher statistics. In the first
step of the fitting procedure, the line positions and amplitudes
were set free while the widths were fixed to the measured elec-
tron beam energy resolution. In the second step, the similar
procedure was performed for the spectrum observed along the
electron beam propagation direction. However, in this step,
the line centroids were fixed to the ones obtained in the first
step. The extracted intensities were corrected for the detector
solid-angle factor. We stress that the high statistics collected
in this experiment allowed us to reliably extract both the line
centroids and the intensities of even blended strong resonance
lines.
From Fig. 2, it is apparent that most observed X-ray transi-
tions are anisotropic, as their intensities differ when observed
along and perpendicular to the electron beam axis. We quan-
tify the emission asymmetries by the ratios
R= I(90
◦)− I(0◦)
I(90◦)
. (1)
The experimental emission asymmetries R are extracted for
each fitted recombination transition and summarized in Tab. 2
as well as in the uppermost inset of Fig. 2. Uncertainties in
the emission asymmetries are taken as a quadrature sum of
the uncertainty of measured intensity and the uncertainty of
the detector solid-angle correction. Moreover, a finite ther-
mal velocity component of the electron beam has a system-
atic effect on measured emission asymmetries (Gu et al. 1999;
Beiersdorfer & Slater 2001). For each of the resonances, we
have estimated its effect and found that the measured emission
asymmetries were indeed reduced, but only within the uncer-
tainty limits of our measurement. Thus, no corrections for R
were made in this part of the analysis. However, by making
a rigorous statistical analysis on the total dataset of observed
resonances we can nonetheless determine the thermal velocity
component of the electron beam. We demonstrate this later in
Sec. 5.
4. COMPARISON WITH THEORY
In the following theoretical treatment, we consider DR as a
two–step resonant process:
e−(Eel j) + Aq+(αiJi)
→ A(q−1)+∗(αdJd)→ A(q−1)+(α f J f ) + h¯ω . (2)
Here, the first step is the resonant capture of a free electron
with the energy Ee and total angular momentum j by an initial
ion Aq+ in the charge state q. This capture leads to the forma-
tion of an excited ion A(q−1)+∗ which has a charge state re-
duced by one unit. In the second step, this excited ion decays
to the ground state under emission of characteristic X-rays. In
Eq. (2), Ji, Jd and J f represent the total angular momenta of
the initial, intermediate excited, and final states, respectively.
Additional quantum numbers needed for a full state charac-
terization are collected in variables αi, αd , and α f .
4.1. Resonance energy and strength
We computed the electronic structure of each ground and
excited state of the ion with FAC v1.1.1 in a fully relativis-
tic way and used the distorted-wave approximation for the
interaction with continuum states (see Ref. (Gu 2008) and
references therein). We included the full relativistic form
of the electron-electron interaction (Coulomb + Breit interac-
tion) in the atomic potential perceived by the free, incoming
(distorted) electron (Breit 1929). Higher-order electronic pro-
cesses cannot be described by the independent particle model;
these processes can only be mediated by configuration mixing
of the intermediate bound states. Thus, to treat them, full-
order configuration mixing between the excited states was
included in our calculations. For the present KLL DR cal-
culations, 1s2(2l)e, 1s(2l)e+2, and 1s2(2l)e+1 configurations
were included for the initial, intermediate, and final states,
respectively. From He-like to O-like charge states, the num-
ber of electrons e in the L-shell changes from none up to six.
Furthermore, extended sets of configurations were included in
the initial ionic configuration space in order to assign higher-
order resonances unidentified in a previous experiment (Beil-
mann et al. 2013a). In an extended calculation, configurations
with principle quantum numbers up to n=5 and all their possi-
ble angular momentum l-states are included. By that, we take
all possible higher excited states such as KLM, KLN, KLO,
etc into account. However, we note that it causes negligible
changes in the originally predicted values.
The DR cross sections and resonance strengths were cal-
culated in the isolated resonance approximation. The DR
strength can be written as
SDR =
pi2h¯3
meEres
gd
2gi
Aa
∑
Ar∑
Ar +
∑
Aa
, (3)
where me is the electron mass. gi and gd are the statistical
weights of the initial and intermediate states. Eres is the reso-
nance energy. Aa represents the autoionization rate from the
intermediate excited state to the initial state and Ar represents
the radiative rate from the intermediate state to the final state.
Tables 4-10 in appendix A list all calculated resonances,
energies (Eres), and resonance strengths (SDR) for initially He-
like to O-like Fe ions labeled by the order of the recombina-
tion processes such as DR, TR, and QR.
For each resonance observed in the present experiment, the
extracted resonance energies are compared with the FAC cal-
culations in Tab. 2. We found an excellent agreement between
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Table 2
Measured emission asymmetryR between perpendicular and parallel observation of X-rays emitted due to DR, TR, and QR. First column labels identify
resonances in Fig. 2 made of a single or an ensemble of unresolved intermediate excited states. The initial ionic charge state before the recombination and the
order of the recombination are given in next two consecutive columns, respectively. Intermediate excited states are given in the j-j coupling notations. Round
brackets stand for the angular momentum of coupled subshells and subscripts after the square brackets denotes the total angular momentum of the state.
Measured resonance energies Eres (in eV) from the fits (except fixed, blended, and calibrated ones) are presented. Extracted emission asymmetriesR are
compared with the FAC predictions. Experimental uncertainties are given as 1σ.
Label Initial ion Process Intermediate excited state Eres (Th.) Eres (Exp.) R (Exp.) R (Th.)
1 He DR [1s2s2]1/2 4554.4 calib. norm. 0.00
2 He DR [(1s2s)02p1/2]1/2 4607.8 4604.2± 0.5 -0.05± 0.15 0.00
3 He DR [(1s2s)12p3/2]1/2 4631.2 4626.8± 0.7 -0.13± 0.16 0.00
4 He DR [(1s2p1/2)12p3/2]5/2 4638.5 4636.9± 1.8 0.51± 0.07 0.50
5 Li DR [1s2s22p1/2]1 4646.8 blend 0.43± 0.08 0.43
He DR [(1s2p1/2)12p3/2]3/2 4658.3
6 He DR [(1s2p1/2)12p3/2]3/2 4658.3 blend 0.31± 0.10 0.50
He DR [1s(2p23/2)2]5/2 4663.9
7 Li DR [(1s2s2p1/2)3/22p3/2]3 4675.5 blend -0.47± 0.20 -0.61
He DR [1s(2p23/2)2]3/2 4677.5
8 He DR [1s(2p23/2)0]1/2 4697.8 calib. 0.12± 0.12 0.00
9 Li DR [((1s2s)12p1/2)1/22p3/2]1 4712.0 blend 0.11± 0.12 0.32
Li DR [((1s2s)12p1/2)3/22p3/2]2 4713.8
10 Li DR [(1s2s)1(2p23/2)2]1 4718.8 blend -0.22± 0.17 -0.38
Li DR [(1s2s)1(2p23/2)2]2 4726.0
11 Li DR [((1s2s)02p1/2)1/22p3/2]2 4745.7 blend 0.14± 0.12 0.20
Li DR [(1s2s)1(2p23/2)0]1 4749.7
12 Li DR [1s2s22p3/2]2 4751.0 blend 0.49± 0.07 0.56
Be DR [1s2s22p21/2]1/2 4755.8
Li DR [(1s2s)0(2p23/2)2]2 4757.4
13 Li DR [(1s2s)1(2p23/2)2]1 4767.5 blend 0.29± 0.11 0.28
Be DR [(1s2s22p1/2)12p3/2]5/2 4770.3
14 Li TR [(1s2p1/2)0(2p
2
3/2)2]2 4781.8 4784.0± 1.2 0.28± 0.11 0.38
15 Be DR [(1s2s22p1/2)12p3/2]1/2 4789.1 blend 0.32± 0.09 0.47
Be DR [(1s2s22p1/2)12p3/2]3/2 4789.4
Be DR [1s2s2(2p23/2)2]5/2 4794.4
16 Be DR [1s2s2(2p23/2)2]3/2 4806.9 blend -0.32± 0.19 -0.36
Be DR [1s2s2(2p23/2)0]1/2 4812.5
17 Be DR [1s2s2(2p23/2)0]1/2 4812.5 blend 0.08± 0.15 -0.02
Li TR [1s2p33/2]2 4815.6
18 Be TR [(1s2s)12p21/22p3/2]3/2 4829.0 fix. 0.58± 0.14 0.54
19 B DR [1s2s22p21/22p3/2]1 4856.9 4849.9± 0.2 0.41± 0.06 0.50
20 B DR [(1s2s22p1/2)0(2p
2
3/2)2]2 4858.9 calib. 0.39± 0.05 0.42
21 B DR [(1s2s22p1/2)1(2p
2
3/2)2]3 4862.6 4861.4± 0.1 0.42± 0.06 0.44
22 B DR [(1s2s22p1/2)1(2p
2
3/2)2]1 4869.7 4869.3± 0.2 -0.17± 0.24 -0.20
23 B DR [(1s2s22p1/2)0(2p
2
3/2)0]0 4874.3 blend -0.16± 0.02 -0.23
B DR [(1s2s22p1/2)1(2p
2
3/2)2]2 4875.7
B DR [(1s2s22p1/2)1(2p
2
3/2)0]1 4877.4
24 B TR [1s2s22p33/2]2 4888.3 4887.3± 0.1 -0.43± 0.05 -0.45
25 B TR [1s2s22p33/2]1 4898.9 4897.6± 0.1 0.15± 0.03 0.23
26 Be TR [(1s2s)02p33/2]3/2 4908.6 fix. -0.35± 0.66 -0.68
27 Be TR [1s2s2(2p23/2)2]5/2 4923.2 4919.5± 0.4 0.41± 0.12 0.44
28 C DR [1s2s22p21/2(2p
2
3/2)2]5/2 4925.7 4925.6± 0.1 0.37± 0.05 0.43
29 C DR [1s2s22p11/22p
2
3/2]3/2 4935.5 fix. -0.29± 0.52 -0.70
30 C DR [1s2s22p21/2(2p
2
3/2)0]1/2 4937.7 fix. -0.06± 0.44 0.00
31 C TR [1s2s22p1/2(2p
3
3/2)2]5/2 4952.2 calib. norm. -0.55
32 C TR [(1s2s22p1/2)12p
3
3/2]1/2 4962.2 blend 0.18± 0.03 0.08
C TR [(1s2s22p1/2)12p
3
3/2]3/2 4964.0
33 B TR [(1s2s12p21/2)1(2p
2
3/2)0]1 4974.0 4971.7± 1.1 0.24± 0.17 -0.03
34 B QR [((1s2s)02p1/2)1/22p
3
3/2]2 4986.7 4984.0± 1.0 0.03± 0.21 -0.11
35 N DR [1s2s22p21/22p
3
3/2]2 5010.5 5010.2± 0.5 -0.03± 0.13 -0.03
36 N DR [1s2s22p21/22p
3
3/2]1 5018.0 5017.7± 0.8 -0.01± 0.18 -0.04
37 N TR [(1s2s22p1/2)12p
4
3/2]1 5036.7 5036.0± 1.0 0.20± 0.21 0.12
38 C QR [1s2s2p1/22p
4
3/2]1/2 5079.0 fix. -0.10± 0.53 -0.20
39 O DR [1s2s22p21/22p
4
3/2]1/2 5080.1 5081.1± 0.7 0.01± 0.12 0.00
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theory and experiment. For well-resolved resonances, an av-
erage deviation of −1.3 eV was found between theory and
experiment.
4.2. X-ray anisotropy and polarization
In the following theoretical treatment we calculate X-ray
polarization only for allowed electric dipole E1 transitions.
This channel usually dominates the radiative decay for low-Z
few-electron ions where contributions from higher-order mul-
tipole components are negligible compared to the E1 compo-
nent.
In DR, the resonant capture of an electron by an ion usually
leads to a non-statistical population of magnetic sublevels.
Thus, the X-rays following resonant capture processes are
anisotropic and polarized (Chen & Scofield 1995; Beiersdor-
fer et al. 1996). The non-statistical magnetic sublevel pop-
ulation of the intermediate excited states is most naturally
described in terms of alignment parameter A2. Following
the density matrix formalism described by Steffen & Alder
(1975), for the resonant capture of an unpolarized electron,
the alignment parameter A2 can be expressed in the form of:
A2(Jd) =
∑
m
(−1)Jd+m
√
5(2Jd + 1)
(
Jd Jd 2
−m m 0
)
σm. (4)
Here, the quantity in large parentheses represents the Wigner
3- j symbol, m is the magnetic quantum number, and σm are
the partial magnetic sublevel cross sections, normalized such
that
∑
mσm = 1. Since both the electron beam and the ions are
unpolarized, then σm = σ−m. In this case, as in the present ex-
periment, intermediate excited states with Jd = 0 or Jd = 1/2
cannot be aligned and they decay emitting isotropic and unpo-
larized X-ray. Here, the partial magnetic sublevel cross sec-
tions σm were evaluated using the distorted-wave formalism
used in FAC, and the relativistic corrections to the electron-
electron interaction are accounted for by including the Breit
interaction in the zero energy limit for the exchanged virtual
photon (cf. FAC v1.1.1 manual and Gu (2008)).
Owing to the alignment of the intermediate excited ion,
subsequent DR X-ray emission is polarized and anisotropic.
Thus, for E1 transitions, the degree of polarization and angu-
lar distribution are given by (Balashov et al. 2000; Surzhykov
et al. 2006)
PDR(θ) =− 3A2α
d f
2 sin
2 θ
2−A2αd f2 (1−3cos2 θ)
, (5)
IDR(θ)∝ 1 +A2αd f2 P2(cosθ) (6)
where θ denotes the angle of the X-rays with respect to the di-
rection of the electron beam propagation (quantization axis),
and P2(cosθ) is the second order Legendre polynomial. α
d f
2
represents an intrinsic anisotropy parameter which is com-
pletely determined by the total angular momentum of the in-
termediate excited state Jd and the final state J f . It can be
expressed as (Balashov et al. 2000)
αd f2 (Jd ,J f ) = (−1)Jd+J f−1
√
3(2Jd + 1)
2
{
1 1 2
Jd Jd J f
}
, (7)
where the quantity in large parenthesis denotes the Wigner 6- j
symbol. It should be noted that the intermediate excited state
in DR usually decays into several close-lying different final
states with various degrees of polarization. The energy reso-
lution of the Ge-detector used in the present experiments was
insufficient to resolve the energy splitting between these final
states. Therefore, only the superpositions of individual inter-
mediate to final state transitions are observed. Due to this fact,
we calculated radiative transition rate weighted ”effective” in-
trinsic anisotropy parameters α¯d f2 =
∑
f α
d f
2 A
d f
r /
∑
f A
d f
r .
We extracted the emission asymmetriesR by observing X-
ray intensities at two different angles with respect to the elec-
tron beam propagation axis. According to Eqs. (1) and (6),
in the present experiment, we have determined the product
A2α¯d f2 . Previously, this was also referred to as anisotropy
parameter β by Chen & Scofield (1995); Surzhykov et al.
(2002); Weber et al. (2010). The product is given in terms
of the experimentalR by
A2α¯d f2 =−
2R
3−R . (8)
The same product A2α¯d f2 also defines the X-ray polarization,
see Eq. (5). Therefore, within the leading E1 approximation
the degree of linear polarization of X-rays emitted at the angle
θ with respect to the electron beam propagation axis can be
expressed as
P(θ) =
Rsin2 θ
1 +Rcos2 θ . (9)
This equation indicates that the linear polarization of char-
acteristic X-rays emitted in the direction perpendicular to
the collision axis coincides with the emission asymmetry,
i.e., P(90◦) =R. Therefore, the degree of linear polarization
of the DR X-rays can be obtained easily by using our angle-
resolved measurements.
The comparison of experimental values of R with FAC re-
sults is outlined in Table 2 as well as in the top panel of Fig. 2.
Note that in the case of an unresolved intermediate excited
state (blended resonance), the ”weighted” emission asymme-
tryR is compared with the experimental value. It is calculated
according to the following formula:
R=
∑
i S
DR
i Ri∑
i S
DR
i
. (10)
Here, SDR is the resonance strengths calculated according to
Eq. 3. Moreover, we found negligible influence of the Breit
interaction on the degree of linear polarization and resonance
strengths for Fe ions when compared to the calculations with-
out the Breit interaction.
All calculated theoretical values of alignment parameters
A2, intrinsic anisotropy parameters αd f2 , and degrees of lin-
ear polarization PDR of X-rays are listed in the Tabs. 3-10 in
appendix A.
4.3. Synthetic spectrum
Table 2 compares experiment and theory for each of the in-
dividual resonances observed. Further, in order to account for
all unresolved and weak transitions we compare the exper-
imental spectra with the synthetic one constructed with the
help of all theoretical values presented in appendix A, see the
bottom panels of the Fig. 2.
The differential resonance strength dS/dΩ shown in Fig. 2
were obtained by multiplying the total resonance strengths
with the angular correction factors at respective angles 90◦
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and 0◦ and with the charge state distribution present in the ex-
periment. By taking the ratio between the observed intensity
of a ”well-resolved” resonance formed by a particular initial
ionic state ICS to the theoretical strength of that resonance SCS,
we obtained the normalized ion abundance nCS from our ex-
periment. For example, in case of He-like initial ions, the
normalized ionic abundance can be expressed by:
nHe =
[
IHe(90◦)
SHe(90◦)
]/∑
CS
[
ICS(90◦)
SCS(90◦)
]
, (11)
where CS refers to charge states from He-like to O-like iron
ions.
According to this equation, for scan (a), we have obtained a
distribution with 17% He-like, 12% Li-like, and 13% Be-like
Fe ions. Likewise, for scan (b), fractional abundances of 20%,
25%, 24%, and 15% were found for B-, C-, N-, and O-like Fe
ions, respectively. With this, the charge-state normalized dif-
ferential resonance strengths dS/dΩ were obtained for each
resonance. We considered dS/dΩ as line amplitudes, reso-
nance energies Eres as line centroids, and then both were con-
voluted to widths equal to the experimental electron beam en-
ergy resolution in order to construct the synthetic spectra (a)
and (b). The bottom panel of figure 2 shows that with some
exceptions these calculations indeed very well agree with the
present experiment. Some caveats with respect to the mod-
eled spectrum can be seen in the part (a) of the spectrum.
This could be due to the lower collision energy resolution in
measurement (a) where many blended resonances introduce
errors in reliable extraction of ion abundances. The isolated
resonance approximation in the theoretical strengths calcula-
tions also ignores the possible interference between two res-
onances. We also note that the interference between RR and
DR was not included in constructing synthetic spectra. How-
ever, it is expected to be negligible for low-Z ions.
5. APPLICATION OF PRESENT DATA: DIAGNOSTIC
OF ELECTRON CYCLOTRON MOTION IN THE HOT
PLASMAS
As discussed before, anisotropic and polarized line radia-
tion can be produced by ions excited by interactions with a
directional beam of electrons. Thus, the presence of a di-
rectional electron component in a laboratory and astrophys-
ical plasma can be confirmed by a polarization measurement.
Here we use the resonant recombination polarization data to
diagnose the electron cyclotron energy component of the elec-
tron beam propagating through the magnetic field of the EBIT.
For the analysis, we combined our present Fe XIX- XXV po-
larization data with the previously reported Kr XXIX- XXXV
polarization data by Shah et al. (2016); Amaro et al. (2017).
In the EBIT, the electron beam is not truly laminar and
unidirectional since it is produced at the hot cathode. The
latter emits electrons with a non-vanishing thermal compo-
nent. This causes electrons to gyrate perpendicular to the
magnetic field lines and follow helical paths collinear with
the electron beam direction. This situation may also exist in
astrophysical plasmas such as solar flares where electrons spi-
ral around strongly directed magnetic field lines (Haug 1972,
1979, 1981). The electron beam properties of an EBIT can be
described using the non-laminar optical theory of Herrmann
(1958). According to this theory, a transverse velocity com-
ponent of a given electron in motion is related to its radial dis-
tance from the cathode center and its velocity at birth on the
cathode; and the magnitude of this velocity component is in-
||
Τv
γ
I(90o, γ) I(0o, γ)
I(0o)
I(90o)
quantization axis
v
venew qu
antiz
ation
 axis
z-axis
Figure 3. Emission asymmetry of the emitted photons with an introduction
of the pitch angle γ, which is an angle between the magnetic field line (quan-
tization axis) and electron velocity vector ~νe.
versely proportional to the radius of cathode images formed at
different locations along the beam axis. This means the prod-
uct of transversal energy E⊥ and electron beam area is con-
stant along the beam propagation direction, i.e., E⊥ · 2pir2 ≈
constant (Herrmann 1958; Beiersdorfer et al. 1996; Beiers-
dorfer & Slater 2001). Therefore, by using the cathode tem-
perature (kBTc) and the ratio of the beam radius at the cathode
(rc) to the beam radius at the trap center (rt) we can estimate
E⊥ at the trap center. It can be expressed as
E⊥ = kBTc [eV]
(
rc
rt
)2
. (12)
Because of this transversal component, the instantaneous ve-
locity vector is no longer aligned with the magnetic field or
z-axis of the EBIT, but it deviates by an angle γ from the z-
axis, as shown in Fig. 3. This pitch angle between the z- axis
and electron velocity vector ~νe can be given as
γ = sin−1
√
E⊥
Ee
, (13)
where Ee is the total electron beam energy.
As shown in Fig. 3, the ions interact with electrons with ve-
locity vectors at an angle γ which introduces a new quantiza-
tion axis to the electron-ion collision system. Because of this,
X-ray detectors see either an increase or decrease in the total
intensity of the emitted X-rays. This is the case in the present
experiment. A modified expression of Eq. (6) can be derived
to characterize this change according to Gu et al. (1999). Con-
sidering electrons in an EBIT with a pitch angle distribution
f (cosγ) normalized according to
∫ 1
−1 f (cosγ) d(cosγ) = 1,
the resulting angular distribution of DR X-rays produced by
spiraling beam of electrons can be written as
IDR(θ,γ)∝ 1 +C2A2αd f2 P2(cosθ), (14)
where
C2 =
∫ 1
−1
f (cosγ) d(cosγ) P2(cosγ). (15)
For a typical pitch angle γ0 in an EBIT, the pitch an-
gle distribution can be described by a Dirac delta function,
i.e., f (cosγ) = δ(cosγ− cosγ0) (Gu et al. 1999). In this case,
according to Eq. (14) and Eq. (15), the observed emission
asymmetryR of DR X-rays can be expressed as
R= I(90
◦,γ)− I(0◦,γ)
I(90◦,γ)
=
3A2α¯d f2 (1−3cos2 γ)
4 +A2α¯d f2 (1−3cos2 γ)
. (16)
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In the ideal case, we would assume that the electron beam
propagating inside an EBIT is perfectly unidirectional and the
pitch angle γ is zero (γ = 0). The emission asymmetry R0
would then be expressed as
R0 = I(90
◦)− I(0◦)
I(90◦)
=− 3A2α¯
d f
2
2−A2α¯d f2
, (17)
where f (cosγ) = δ(cosγ−1), i.e., according to Eq. (15),
C2 = 1. Under the actual conditions, by combining equa-
tions (17) and (16), the real emission asymmetry R takes the
form of
R= R0(3sin
2 γ−2)
R0 sin2 γ−2
. (18)
We now compare the values of R determined from the ex-
periment (where γ is not zero) to the theoretical R0 value for
which γ was assumed to be zero. Thereby, we determine the
experimental value of transversal energy component E⊥ and
corresponding pitch angle γ of the electron beam:
γ = sin−1
√
2(R−R0)
R0(R−3) , (19)
E⊥ =
2(R−R0)
R0(R−3) Ee. (20)
For each well-resolved (not blended) resonance, we de-
termined values of E⊥ and γ by applying above Eqs. (19)
and (20). The experimental uncertainties are computed as a
quadrature sum of errors associated with quantities in these
equations. The extracted values of E⊥ and γ from each reso-
nance are graphically shown in the Fig. 4. According to (13),
the transversal energy component of the electron beam does
not change drastically over a certain electron beam energy
range. For a complete scan range of both Fe and Kr mea-
surements (Ee = 4–10 keV), we give a single weighted aver-
age value of E⊥ which is found to be 534± 124 eV. For the
pitch angle γ, we present separate weighted average values
for both experiments because it changes over the scan range
of electron beam energies (see Eq. (19)). In case of the elec-
tron beam energy of 4.5–5.1 keV in the Fe measurement, we
obtained the average value of γ = 16.3◦± 5.4◦, whereas in
the energy range of 8.8–9.6 keV, used in the Kr measurement,
we obtained γ = 17.2◦± 2.8◦. The weighted average values
are shown as red shaded area in the Fig. 4.
The theoretical values of E⊥ and γ can be estimated based
on the electron beam conditions. The cathode with a diameter
of 3 mm is heated to approximately 1200–1400 K, resulting
in a transverse thermal energy component of ≈ 0.10–0.12 eV
at the cathode. As mentioned before, the electron beam of
the FLASH-EBIT is compressed by the magnetic field with a
strength of 6 T. During the measurements, we positioned the
electron gun and used correction coil surrounding the elec-
tron gun to ensure nearly zero residual magnetic field at the
cathode. However, this residual magnetic field is not very
well known. Based on the observed beam diameter, which is
close to the Herrmann value for negligible residual magnetic
field, we estimate an upper bound of the order a few hundred
microteslas (300–500 µT assumed here). With these assump-
tions, theoretical values of E⊥ and γ were estimated accord-
ing to Eqs. (12) and (13). They are shown as blue shaded area
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Figure 4. Experimental E⊥ and corresponding γ as a function of the electron
beam energy (see Eqs. (19) and (20)). The red shaded area represents the
weighted average value and containing uncertainty. The blue shaded area
represents the theory estimated according to the experimental electron beam
conditions: cathode radius rc = 1.5 mm, magnetic field B = 6 T, residual
magnetic field at cathode Bc = 300–500 µT, and cathode temperature Tc =
1200–1400 K.
in the Fig. 4. It can be seen that the theoretical estimates ac-
cording to Hermann’s optical theory are in good accord with
the experimentally determined average values of E⊥ and γ.
Furthermore, the electron beam radius rt at the trap was also
deduced using the experimental value of E⊥ and Eq. 12. The
radius was found to be 22.6±4.2 µm which is also in a very
good agreement with the Herrmann’s theory, see Tab. 1. This
validation reassures our measurements and estimates since the
optical theory of Herrmann was used as one of the first princi-
ples in the design of the electron beam ion trap (Levine et al.
1988). For comparison, we also estimated the transversal en-
ergy component of the electron beam based on the principle
of adiabatic magnetic flux invariance, i.e., ν2⊥/B ≈ constant.
According to this, E⊥ was estimated to be 1578 eV. Such
large value of transversal energy does not agree with our mea-
sured value. This can be explained since the EBIT has a non-
uniform magnetic field along the electron beam propagation
axis. The electrons travel across strong magnetic field gradi-
ents from few microteslas magnetic field at the electron gun to
6 teslas at the trap. Such gradients invalidate the applicability
of the principle of adiabatic magnetic flux invariance (Beiers-
dorfer & Slater 2001).
6. SUMMARY AND CONCLUSIONS
In this work, we have performed comprehensive experi-
mental and theoretical studies on the polarization of X-rays
produced by KLL DR of highly charged He-like to O-like
iron ions. The emitted radiation was recorded along and per-
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pendicular to the electron beam propagation axis and the X-
ray polarization of dielectronic recombination satellite lines
were extracted from the measured emission asymmetries. The
presented experimental technique greatly reduces the time re-
quired for comprehensive measurements compared to direct
polarization measurements which are time-consuming and re-
quire an X-ray polarimeter (Weber et al. 2015; Shah et al.
2015). Our method is simple to implement at EBITs and it
allows to scan all ions relevant to astrophysical and fusion re-
search. It can be applied not only to the DR process, but also
to measure X-ray polarization due to other atomic processes.
With a few exceptions, we found excellent agreement between
the experiment and distorted-wave predictions of FAC. We
thus show that this code is reliable to a high degree, and can
be used to produce large sets of atomic data and to develop
reliable astrophysical plasma models. A contribution of ubiq-
uitous, but hitherto unrecognized, higher-order channels, such
as TR, was found to be as strong as the dielectronic process
in B- and C-like Fe ions, and it should play an important role
in the charge balance determination of hot plasmas (Beilmann
et al. 2011; Beiersdorfer 2015). Recently, TR channels have
also proven to play a dominant role in the measurable X-ray
polarization of a common type of astrophysical and laboratory
plasmas (Shah et al. 2016).
In addition, we have demonstrated the suitability of reso-
nant recombination polarization measurements for diagnos-
tics of anisotropies of hot plasmas, such as plasmas of so-
lar flares (Haug 1972, 1979). In our demonstration we
probed the electron cyclotron motion component of the elec-
tron beam propagating through a strong magnetic field of the
FLASH-EBIT. The electron cyclotron energy was accounted
for 534±124 eV of total electron beam energy. Furthermore,
the electron beam radius at the trap center was determined to
be 22.6±4.2 µm. Both values agree exceptionally well with
the predictions of the optical theory of electron beams by Her-
rmann (1958). Such agreement shows that Hermann theory
can be useful to predict the systematic effect of the electron
cyclotron motion component on polarization measurements.
This analysis is far more complex and extracts even greater
details of the plasma anisotropies than the one which would be
required to detect the directional component of the hot plas-
mas of a solar flare or a tokamak fusion plasma. Therefore,
the present work opens numerous possibilities for diagnostics
of the anisotropies of hot laboratory and astrophysical plas-
mas.
With the next generation of X-ray satellites, namely XARM
(X-ray Astronomy Recovery Mission) and Athena, excep-
tional spectral energy resolutions will be reached with higher
sensitivity (Kelley et al. 2016; Hitomi Collaboration et al.
2016). The present data will be particularly useful for inter-
preting high-resolution microcalorimeter based X-ray spectra
in the future (Hitomi Collaboration et al. 2017). It can also be
used to benchmark spectral modeling codes for hot collisional
plasmas such as SPEX (Kaastra et al. 1996), CHIANTI (Del
Zanna, G. et al. 2015), and AtomDB (Foster et al. 2012). Fur-
thermore, these results may also be applicable to model X-ray
line polarization data from the future X-ray polarimetry mis-
sions such as ESA M4 class mission – XIPE (Soffitta et al.
2013), NASA Small Explorer mission – PRAXyS (Jahoda
et al. 2014), and IXPE (Weisskopf et al. 2016). For example,
the photoelectric gas polarimeter (Costa et al. 2001) of XIPE
will not resolve individual X-ray line transitions. Such lim-
itations are rather general even when the high-resolution de-
tector will be utilized because Doppler shifts will most likely
obscure the signal. In such instances, the line polarization
will contain contributions from many transitions induced by
different atomic processes. This calls for more quantitatively
reliable experimental and theoretical atomic data of X-ray po-
larization of all contributing channels.
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APPENDIX
KLL DR CALCULATIONS OF FE XIX- XXV
Here, we present theoretical DR data that are tested and benchmarked within the present experiment. The following quantities
are presented in the Tables 3–10. First column of Tab. 4–10 represents energy level index. Second column identifies the order
of recombination processes, DR: Dielectronic Recombination, TR: Trielectronic Recombination, QR: Quadruelectronic Recom-
bination. An intermediate excited state configuration of the ion is given in third column. Standard j-j coupling notations are
used here to define atomic configurations. The subscript following the round bracket denotes angular momentum of the coupled
subshells and another subscript following the square bracket denotes the total angular momentum of the given state. Resonance
energies Eres in eV and total resonance strengths SDR in units of cm2 eV are given in fourth and fifth columns, respectively. The
former value is the energy difference between the initial and intermediate excited ionic states, and the latter values are calculated
using equations (3). To calculate degree of linear polarization, the alignment parameter A2 is given in sixth column with tak-
ing frequency-independent Breit interaction into account, and intrinsic anisotropy parameter αd f2 for the X-ray transition from
intermediate excited state to final states is given in Tab. 3. As discussed in Sec. 4, intermediate excited state produced by DR
usually decays to several final states. Final state configuration are given in the seventh column, accordingly, the X-ray energies
EX-ray and radiative decay rates A
d f
r (in s−1) are provided in next two columns, respectively. Finally, the polarization of X-rays
PDR is calculated according to equation (5) and is given in the last column. Note that for the experimental comparison, we used
"effective" intrinsic anisotropy parameter α¯d f2 which is weighted by given radiative rates A
d f
r .
Table 3
Intrinsic anisotropy parameter αd f2 (Eq. (7)) characterizing X-ray polarization and anisotropy.
Jd J f α
d f
2 Jd J f α
d f
2
0 1 0 1/2 1/2 0
1 0 1/
√
2 1/2 3/2 0
1 1 −1/2√2 3/2 1/2 1/2
1 2 1/10
√
2 3/2 3/2 −2/5
2 1
√
7/2
√
10 3/2 5/2 1/10
2 2 −√7/2√10 5/2 3/2 √7/5√2
2 3 1/
√
70 5/2 5/2 −4√2/5√7
3 2
√
3/5 5/2 7/2 1/2
√
14
3 3 −√3/4
3 4 −1/4√3
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Table 4 Fe XXV theoretical data. Initial (ground) state: [1s2]0
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
4 DR [1s(2s2)0]1/2 4554.41 1.982E-20 0.000 [1s22p1/2]1/2 6552.00 9.95E+12 0.000
[1s22p3/2]3/2 6536.14 1.05E+13 0.000
5 DR [(1s2s)12p1/2]1/2 4565.87 6.439E-23 0.000 [1s22s]1/2 6611.86 4.96E+12 0.000
6 DR [(1s2s)12p1/2]3/2 4569.59 3.885E-22 -1.000 [1s22s]1/2 6615.57 1.59E+13 0.600
8 DR [(1s2s)02p1/2]1/2 4607.76 5.469E-20 0.000 [1s22s]1/2 6653.75 3.38E+14 0.000
9 DR [(1s2s)12p3/2]3/2 4616.73 8.229E-22 -1.000 [1s22s]1/2 6662.72 5.04E+14 0.600
10 DR [1s(2p21/2)0]1/2 4624.16 8.286E-23 0.000 [1s
22p1/2]1/2 6621.75 2.05E+13 0.000
[1s22p3/2]3/2 6605.89 1.20E+11 0.000
11 DR [(1s2s)12p3/2]1/2 4631.21 6.119E-20 0.000 [1s22s]1/2 6677.20 1.78E+14 0.000
12 DR [(1s2p1/2)02p3/2]3/2 4632.38 8.744E-22 -1.000 [1s22p1/2]1/2 6629.97 4.36E+10 0.600
[1s22p3/2]3/2 6614.11 1.01E+13 -0.750
13 DR [(1s2s)02p3/2]3/2 4634.52 9.435E-22 -1.000 [1s22s]1/2 6680.51 4.37E+11 0.600
14 DR [(1s2p1/2)12p3/2]5/2 4638.46 4.142E-20 -1.069 [1s22p3/2]3/2 6620.18 3.26E+13 0.500
15 DR [(1s2p1/2)12p3/2]3/2 4658.34 2.071E-19 -1.000 [1s22p1/2]1/2 6655.93 3.33E+14 0.600
[1s22p3/2]3/2 6640.07 4.18E+13 -0.750
16 DR [(1s2p1/2)12p3/2]1/2 4659.29 1.674E-21 0.000 [1s22p1/2]1/2 6656.87 5.67E+14 0.000
[1s22p3/2]3/2 6641.01 1.71E+14 0.000
17 DR [1s(2p23/2)2]5/2 4663.92 2.817E-19 -1.069 [1s
22p3/2]3/2 6645.64 2.21E+14 0.500
18 DR [1s(2p23/2)2]3/2 4677.48 6.461E-20 -1.000 [1s
22p1/2]1/2 6675.06 9.44E+12 0.600
[1s22p3/2]3/2 6659.20 6.43E+14 -0.750
19 DR [1s(2p23/2)0]1/2 4697.79 2.452E-20 0.000 [1s
22p1/2]1/2 6695.38 1.21E+13 0.000
[1s22p3/2]3/2 6679.52 2.56E+14 0.000
Table 5 Fe XXIV theoretical data. Initial (ground) state: [1s22s]1/2
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
11 DR [1s2s22p1/2]0 4644.94 7.965E-22 0.000 [1s22p1/22p3/2]1 6469.08 8.57E+12 0.000
12 DR [1s2s22p1/2]1 4646.84 1.136E-20 0.694 [1s22s2]0 6597.86 3.76E+13 -0.975
[1s22p21/2]0 6479.63 3.90E+12 -0.975
[1s22p1/22p3/2]1 6470.98 2.15E+12 0.328
[1s22p1/22p3/2]2 6465.17 3.90E+12 -0.075
13 DR [1s2s22p3/2]2 4660.00 4.946E-21 -0.839 [1s22p1/22p3/2]1 6484.14 3.46E+12 0.448
[1s22p1/22p3/2]2 6478.33 6.44E+12 -0.639
[1s22p23/2]2 6461.25 1.14E+12 -0.639
14 DR [(1s2s)12p21/2]1 4661.60 1.091E-21 -0.012 [1s
22s2p1/2]0 6569.61 3.77E+12 0.012
[1s22s2p1/2]1 6565.78 7.58E+12 -0.006
[1s22s2p3/2]2 6554.41 3.08E+11 0.001
[1s22s2p3/2]1 6517.88 1.67E+09 -0.006
15 DR [((1s2s)12p1/2)1/22p3/2]2 4669.08 5.725E-22 -0.652 [1s22s2p1/2]1 6573.26 1.44E+10 0.360
[1s22s2p3/2]2 6561.90 5.07E+12 -0.473
[1s22s2p3/2]1 6525.37 6.46E+09 0.360
16 DR [((1s2s)12p1/2)3/22p3/2]3 4675.49 6.897E-21 -0.990 [1s22s2p3/2]2 6568.31 9.86E+12 0.439
17 DR [1s2s22p3/2]1 4678.21 2.718E-21 0.678 [1s22s2]0 6629.23 4.59E+14 -0.946
[1s22p21/2]0 6511.00 9.69E+10 -0.946
[1s22p1/22p3/2]1 6502.35 4.02E+11 0.321
[1s22p1/22p3/2]2 6496.54 3.25E+12 -0.074
[1s22p23/2]2 6479.46 1.32E+13 -0.074
[1s22p23/2]0 6451.06 1.14E+12 -0.946
18 DR [(1s2s)02p21/2]0 4708.60 1.012E-21 0.000 [1s
22s2p1/2]1 6612.78 6.65E+14 0.000
[1s22s2p3/2]1 6564.88 3.84E+11 0.000
19 DR [((1s2s)12p1/2)1/22p3/2]1 4712.00 3.451E-20 -0.635 [1s22s2p1/2]0 6620.01 4.09E+14 0.550
[1s22s2p1/2]1 6616.18 6.05E+13 -0.379
[1s22s2p3/2]2 6604.82 1.19E+14 0.066
20 DR [((1s2s)12p1/2)3/22p3/2]2 4713.81 1.175E-19 -0.599 [1s22s2p1/2]1 6617.99 3.37E+14 0.334
[1s22s2p3/2]2 6606.63 2.12E+13 -0.430
[1s22s2p3/2]1 6570.09 5.30E+12 0.334
21 DR [(1s2s)1(2p23/2)2]3 4717.67 1.630E-19 -0.990 [1s
22s2p3/2]2 6610.49 2.35E+14 0.439
22 DR [(1s2s)1(2p23/2)2]1 4718.78 6.221E-20 -0.706 [1s
22s2p1/2]0 6626.78 1.97E+12 0.600
[1s22s2p1/2]1 6622.95 2.86E+14 -0.428
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TABLE 5—Continued
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s22s2p3/2]2 6611.59 7.83E+13 0.073
[1s22s2p3/2]1 6575.06 4.70E+12 -0.428
23 DR [(1s2s)1(2p23/2)2]2 4725.96 4.555E-20 -0.780 [1s
22s2p1/2]1 6630.14 3.46E+13 0.421
[1s22s2p3/2]2 6618.77 5.35E+14 -0.585
[1s22s2p3/2]1 6582.24 1.00E+13 0.421
24 DR [((1s2s)02p1/2)1/22p3/2]1 4735.38 1.379E-20 -0.007 [1s22s2p1/2]0 6643.39 2.73E+12 0.007
[1s22s2p1/2]1 6639.56 3.16E+13 -0.003
[1s22s2p3/2]2 6628.20 1.15E+14 0.001
[1s22s2p3/2]1 6591.67 2.31E+13 -0.003
25 DR [((1s2s)12p1/2)3/22p3/2]0 4737.35 3.690E-22 0.000 [1s22s2p1/2]1 6641.53 8.27E+13 0.000
[1s22s2p3/2]1 6593.63 3.17E+13 0.000
26 DR [((1s2s)02p1/2)1/22p3/2]2 4745.66 5.521E-20 -1.171 [1s22s2p3/2]2 6638.48 7.04E+13 -0.973
[1s22s2p3/2]1 6601.94 1.46E+14 0.590
27 DR [(1s2s)1(2p23/2)0]1 4749.63 1.132E-20 -0.010 [1s
22s2p1/2]1 6653.80 1.14E+12 -0.006
[1s22s2p3/2]2 6642.44 1.53E+14 0.001
[1s22s2p3/2]1 6605.91 8.87E+12 -0.006
28 DR [1s2s22p3/2]2 4751.03 3.026E-22 -0.840 [1s22p1/22p3/2]1 6575.16 6.62E+12 0.448
[1s22p1/22p3/2]2 6569.35 5.60E+12 -0.639
[1s22p23/2]2 6552.27 1.97E+11 -0.639
29 DR [(1s2s)0(2p23/2)2]2 4757.35 2.022E-20 -1.185 [1s
22s2p1/2]1 6661.53 1.34E+11 0.596
[1s22s2p3/2]2 6650.17 1.87E+11 -0.989
[1s22s2p3/2]1 6613.64 9.10E+13 0.596
30 DR [(1s2s)1(2p23/2)2]1 4767.47 1.790E-21 -0.566 [1s
22s2p1/2]0 6675.47 8.84E+11 0.500
[1s22s2p3/2]2 6660.28 1.13E+12 0.059
[1s22s2p3/2]1 6623.75 7.11E+14 -0.334
31 DR [(1s2s)0(2p23/2)0]0 4775.60 7.841E-21 0.000 [1s
22s2p1/2]1 6679.78 3.31E+11 0.000
[1s22s2p3/2]1 6631.88 2.40E+14 0.000
32 DR [1s2s22p3/2]1 4780.23 1.984E-22 0.697 [1s22s2]0 6731.25 1.43E+11 -0.982
[1s22p21/2]0 6613.02 2.77E+14 -0.982
[1s22p1/22p3/2]1 6604.37 1.14E+12 0.329
[1s22p1/22p3/2]2 6598.56 5.57E+13 -0.076
[1s22p23/2]2 6581.48 2.00E+12 -0.076
[1s22p23/2]0 6553.08 2.63E+11 -0.982
33 TR [(1s2p1/2)0(2p23/2)2]2 4781.77 3.771E-22 -0.840 [1s
22p1/22p3/2]1 6605.91 2.27E+14 0.448
[1s22p23/2]2 6583.02 2.12E+13 -0.639
35 TR [(1s2p1/2)1(2p23/2)2]1 4792.14 1.081E-22 0.695 [1s
22p21/2]0 6624.92 4.81E+13 -0.977
[1s22p1/22p3/2]1 6616.27 4.83E+14 0.328
[1s22p1/22p3/2]2 6610.46 2.77E+14 -0.076
[1s22p23/2]2 6593.38 4.40E+13 -0.076
[1s22p23/2]0 6564.98 1.69E+11 -0.977
36 TR [(1s2p1/2)1(2p23/2)2]2 4800.91 6.939E-22 -0.840 [1s
22p1/22p3/2]1 6625.05 6.61E+11 0.448
[1s22p1/22p3/2]2 6619.23 3.48E+14 -0.639
[1s22p23/2]2 6602.16 2.17E+14 -0.639
37 TR [(1s2p1/2)0(2p23/2)0]0 4805.85 3.760E-22 0.000 [1s
22p1/22p3/2]1 6629.99 2.43E+14 0.000
38 TR [(1s2p1/2)1(2p23/2)0]1 4807.77 1.155E-21 0.700 [1s
22p21/2]0 6640.55 4.21E+12 -0.986
[1s22p1/22p3/2]1 6631.90 1.58E+13 0.330
[1s22p1/22p3/2]2 6626.09 2.74E+14 -0.076
[1s22p23/2]2 6609.01 8.18E+12 -0.076
[1s22p23/2]0 6580.61 3.15E+13 -0.986
39 TR [1s2p33/2]2 4815.61 1.348E-21 -0.840 [1s
22p1/22p3/2]1 6639.75 7.97E+12 0.448
[1s22p1/22p3/2]2 6633.93 8.39E+12 -0.639
[1s22p23/2]2 6616.86 3.93E+14 -0.639
40 TR [1s2p33/2]1 4830.83 3.221E-23 0.557 [1s
22s2]0 6781.85 3.29E+11 -0.736
[1s22p1/22p3/2]1 6654.97 1.61E+12 0.269
[1s22p1/22p3/2]2 6649.15 3.14E+12 -0.060
[1s22p23/2]2 6632.08 4.20E+14 -0.060
[1s22p23/2]0 6603.67 3.03E+14 -0.736
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Table 6 Fe XXIII theoretical data. Initial (ground) state: [1s22s]1/2
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
16 DR [1s2s22p21/2]1/2 4755.78 9.320E-22 0.000 [1s
22s22p1/2]1/2 6552.85 3.07E+13 0.000
[1s22s22p3/2]3/2 6538.27 1.79E+12 0.000
[1s22p21/22p3/2]3/2 6398.50 3.36E+12 0.000
[1s22p1/22p23/2]3/2 6379.27 4.28E+10 0.000
[1s22p1/22p23/2]1/2 6357.04 1.62E+10 0.000
[1s22p33/2]3/2 6350.22 1.81E+10 0.000
17 DR [(1s2s22p1/2)02p3/2]3/2 4764.68 3.164E-23 -1.000 [1s22s22p1/2]1/2 6561.75 4.18E+10 0.600
[1s22s22p3/2]3/2 6547.17 8.98E+12 -0.750
[1s22p21/22p3/2]3/2 6407.40 3.48E+12 -0.750
[1s22p1/22p23/2]3/2 6388.17 1.72E+11 -0.750
[1s22p1/22p23/2]5/2 6384.46 3.66E+10 0.143
18 DR [(1s2s22p1/2)12p3/2]5/2 4770.34 5.382E-21 -1.069 [1s22s22p3/2]3/2 6552.83 2.82E+13 0.500
[1s22p21/22p3/2]3/2 6413.07 4.10E+12 0.500
[1s22p1/22p23/2]5/2 6390.12 4.04E+11 -0.889
19 DR [(1s2s)12p21/22p3/2]5/2 4780.91 2.017E-26 -1.069 [1s
2(2s2p1/2)02p3/2]3/2 6522.24 3.49E+12 0.000
[1s2(2s2p1/2)12p3/2]5/2 6515.66 3.77E+12 0.000
[1s2(2s2p1/2)12p3/2]3/2 6486.14 2.12E+09 0.000
[1s22s2p23/2]5/2 6483.50 1.51E+10 0.000
20 DR [(1s2s22p1/2)12p3/2]1/2 4789.06 1.076E-20 0.000 [1s22s22p1/2]1/2 6586.13 5.40E+14 0.000
[1s22s22p3/2]3/2 6571.55 1.02E+14 0.000
[1s22p21/22p3/2]3/2 6431.79 2.41E+11 0.000
[1s22p1/22p23/2]3/2 6412.55 1.07E+13 0.000
[1s22p1/22p23/2]1/2 6390.32 6.87E+11 0.000
[1s22p33/2]3/2 6383.50 3.06E+11 0.000
21 DR [(1s2s22p1/2)12p3/2]3/2 4789.42 1.215E-19 -1.000 [1s22s22p1/2]1/2 6586.49 3.10E+14 0.600
[1s22s22p3/2]3/2 6571.90 3.84E+13 -0.750
[1s22p21/22p3/2]3/2 6432.14 1.78E+11 -0.750
[1s22p1/22p23/2]3/2 6412.91 2.55E+12 -0.750
[1s22p1/22p23/2]5/2 6409.20 3.70E+12 0.143
[1s22p1/22p23/2]1/2 6390.68 1.34E+12 0.600
22 DR [1s2s2(2p23/2)2]5/2 4794.37 1.457E-19 -1.069 [1s
22s22p3/2]3/2 6576.86 2.07E+14 0.500
[1s22p21/22p3/2]3/2 6437.10 1.75E+11 0.500
[1s22p1/22p23/2]3/2 6417.86 1.43E+12 0.500
[1s22p1/22p23/2]5/2 6414.15 5.15E+12 -0.889
[1s22p33/2]3/2 6388.81 5.76E+11 0.500
23 DR [1s2s2(2p23/2)2]3/2 4806.94 4.325E-20 -1.000 [1s
22s22p1/2]1/2 6604.01 8.92E+12 0.600
[1s22s22p3/2]3/2 6589.42 5.98E+14 -0.750
[1s22p1/22p23/2]3/2 6430.43 1.61E+12 -0.750
[1s22p1/22p23/2]5/2 6426.72 6.05E+12 0.143
[1s22p33/2]3/2 6401.38 4.73E+12 -0.750
24 DR [1s2s2(2p23/2)0]1/2 4812.49 4.085E-20 0.000 [1s
22s22p1/2]1/2 6609.55 8.17E+10 0.000
[1s22s22p3/2]3/2 6594.97 3.08E+14 0.000
[1s22p1/22p23/2]3/2 6435.97 1.29E+11 0.000
[1s22p1/22p23/2]1/2 6413.74 5.01E+12 0.000
[1s22p33/2]3/2 6406.92 3.64E+12 0.000
25 TR [(1s2s)12p21/22p3/2]3/2 4828.96 2.202E-23 -1.000 [1s
22s2p21/2]1/2 6577.13 2.93E+14 0.600
[1s2(2s2p1/2)02p3/2]3/2 6570.29 5.31E+10 -0.750
[1s2(2s2p1/2)12p3/2]5/2 6563.71 3.99E+13 0.143
[1s2(2s2p1/2)12p3/2]3/2 6534.19 4.88E+12 -0.750
[1s22s2p23/2]5/2 6531.55 1.49E+12 0.143
[1s2(2s2p1/2)12p3/2]1/2 6519.16 7.39E+11 0.600
[1s22s2p23/2]1/2 6503.83 8.98E+10 0.600
26 TR [(1s2s2p1/2)1/2(2p23/2)2]5/2 4830.06 6.299E-26 -1.069 [1s
2(2s2p1/2)02p3/2]3/2 6571.40 2.28E+14 0.000
[1s2(2s2p1/2)12p3/2]5/2 6564.81 2.29E+12 0.000
[1s2(2s2p1/2)12p3/2]3/2 6535.29 7.95E+10 0.000
[1s22s2p23/2]5/2 6532.65 7.50E+12 0.000
[1s22s2p23/2]3/2 6502.97 2.79E+11 0.000
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TABLE 6—Continued
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
27 TR [(1s2s)12p21/22p3/2]1/2 4831.20 2.507E-23 0.000 [1s
22s2p21/2]1/2 6579.37 2.33E+14 0.000
[1s2(2s2p1/2)02p3/2]3/2 6572.53 8.30E+12 0.000
[1s2(2s2p1/2)12p3/2]3/2 6536.42 1.15E+13 0.000
[1s2(2s2p1/2)12p3/2]1/2 6521.40 6.29E+11 0.000
[1s22s2p23/2]3/2 6504.10 7.01E+10 0.000
29 TR [(1s2s2p1/2)3/2(2p23/2)2]3/2 4837.08 9.292E-23 -1.000 [1s
22s2p21/2]1/2 6585.25 6.63E+13 0.600
[1s2(2s2p1/2)02p3/2]3/2 6578.41 4.59E+14 -0.750
[1s2(2s2p1/2)12p3/2]5/2 6571.83 2.76E+14 0.143
[1s2(2s2p1/2)12p3/2]3/2 6542.31 1.57E+12 -0.750
[1s22s2p23/2]5/2 6539.67 2.29E+12 0.143
[1s2(2s2p1/2)12p3/2]1/2 6527.28 6.13E+11 0.600
30 TR [(1s2s2p1/2)1/2(2p23/2)0]1/2 4849.33 2.412E-24 0.000 [1s
22s2p21/2]1/2 6597.50 7.75E+12 0.000
[1s2(2s2p1/2)02p3/2]3/2 6590.66 2.35E+14 0.000
[1s2(2s2p1/2)12p3/2]1/2 6539.53 1.20E+11 0.000
[1s22s2p23/2]1/2 6524.20 2.70E+12 0.000
[1s22s2p23/2]3/2 6522.24 5.76E+11 0.000
31 TR [(1s2s)1(2p33/2)3/2]5/2 4850.28 2.246E-25 -1.069 [1s
2(2s2p1/2)02p3/2]3/2 6591.61 2.94E+12 0.000
[1s2(2s2p1/2)12p3/2]5/2 6585.02 2.53E+14 0.000
[1s2(2s2p1/2)12p3/2]3/2 6555.50 2.50E+12 0.000
[1s22s2p23/2]5/2 6552.87 1.55E+13 0.000
[1s22s2p23/2]3/2 6523.18 2.36E+12 0.000
32 TR [(1s2s2p1/2)3/2(2p23/2)0]3/2 4850.55 5.855E-23 -1.000 [1s
22s2p21/2]1/2 6598.72 2.37E+12 0.600
[1s2(2s2p1/2)02p3/2]3/2 6591.88 2.10E+13 -0.750
[1s2(2s2p1/2)12p3/2]5/2 6585.30 2.56E+14 0.143
[1s2(2s2p1/2)12p3/2]3/2 6555.78 6.50E+12 -0.750
[1s22s2p23/2]5/2 6553.14 3.71E+11 0.143
[1s2(2s2p1/2)12p3/2]1/2 6540.75 6.40E+12 0.600
[1s22s2p23/2]1/2 6525.42 3.49E+12 0.600
[1s22s2p23/2]3/2 6523.46 1.97E+11 -0.750
33 TR [(1s2s)02p21/22p3/2]3/2 4867.52 5.552E-22 -1.000 [1s
22s2p21/2]1/2 6615.68 6.03E+11 0.600
[1s2(2s2p1/2)02p3/2]3/2 6608.85 6.33E+12 -0.750
[1s2(2s2p1/2)12p3/2]5/2 6602.26 7.77E+12 0.143
[1s2(2s2p1/2)12p3/2]3/2 6572.74 3.94E+14 -0.750
[1s22s2p23/2]5/2 6570.11 1.09E+14 0.143
[1s2(2s2p1/2)12p3/2]1/2 6557.71 5.16E+13 0.600
[1s22s2p23/2]1/2 6542.38 8.02E+12 0.600
[1s22s2p23/2]3/2 6540.42 3.52E+12 -0.750
34 TR [(1s2s2p1/2)1/2(2p23/2)2]5/2 4872.27 7.573E-28 -1.069 [1s
2(2s2p1/2)02p3/2]3/2 6613.60 2.23E+12 0.000
[1s2(2s2p1/2)12p3/2]5/2 6607.02 3.39E+12 0.000
[1s2(2s2p1/2)12p3/2]3/2 6577.50 5.42E+13 0.000
[1s22s2p23/2]5/2 6574.86 5.77E+14 0.000
[1s22s2p23/2]3/2 6545.17 1.20E+13 0.000
35 TR [(1s2s2p1/2)3/2(2p23/2)2]3/2 4876.08 1.924E-22 -1.000 [1s
22s2p21/2]1/2 6624.25 1.68E+11 0.600
[1s2(2s2p1/2)02p3/2]3/2 6617.41 1.38E+12 -0.750
[1s2(2s2p1/2)12p3/2]5/2 6610.82 2.54E+13 0.143
[1s2(2s2p1/2)12p3/2]3/2 6581.30 8.07E+13 -0.750
[1s22s2p23/2]5/2 6578.67 2.79E+12 0.143
[1s2(2s2p1/2)12p3/2]1/2 6566.27 6.65E+12 0.600
[1s22s2p23/2]1/2 6550.94 2.10E+12 0.600
[1s22s2p23/2]3/2 6548.98 2.71E+13 -0.750
36 TR [(1s2s2p1/2)1/2(2p23/2)2]3/2 4881.28 3.383E-23 -1.000 [1s
2(2s2p1/2)02p3/2]3/2 6622.61 2.95E+11 -0.750
[1s2(2s2p1/2)12p3/2]3/2 6586.50 1.89E+14 -0.750
[1s22s2p23/2]5/2 6583.87 9.95E+13 0.143
[1s2(2s2p1/2)12p3/2]1/2 6571.47 2.08E+14 0.600
[1s22s2p23/2]1/2 6556.14 1.45E+13 0.600
[1s22s2p23/2]3/2 6554.18 6.25E+11 -0.750
37 TR [(1s2s2p1/2)1/2(2p23/2)0]1/2 4883.16 4.564E-23 0.000 [1s
22s2p21/2]1/2 6631.33 6.86E+11 0.000
[1s2(2s2p1/2)12p3/2]3/2 6588.39 4.13E+14 0.000
[1s2(2s2p1/2)12p3/2]1/2 6573.36 1.87E+14 0.000
[1s22s2p23/2]1/2 6558.02 9.82E+13 0.000
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TABLE 6—Continued
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s22s2p23/2]3/2 6556.06 4.15E+13 0.000
38 TR [(1s2s2p1/2)1/2(2p23/2)2]5/2 4888.40 1.242E-26 -1.069 [1s
2(2s2p1/2)02p3/2]3/2 6629.73 2.77E+10 0.000
[1s2(2s2p1/2)12p3/2]5/2 6623.15 6.07E+11 0.000
[1s2(2s2p1/2)12p3/2]3/2 6593.63 1.25E+12 0.000
[1s22s2p23/2]5/2 6590.99 5.86E+13 0.000
[1s22s2p23/2]3/2 6561.31 2.16E+14 0.000
39 TR [(1s2s)12p33/2]3/2 4895.51 5.451E-23 -1.000 [1s
2(2s2p1/2)02p3/2]3/2 6636.84 3.41E+11 -0.750
[1s2(2s2p1/2)12p3/2]5/2 6630.25 3.31E+11 0.143
[1s22s2p23/2]5/2 6598.10 2.34E+14 0.143
[1s2(2s2p1/2)12p3/2]1/2 6585.70 1.07E+11 0.600
[1s22s2p23/2]1/2 6570.37 2.55E+14 0.600
[1s22s2p23/2]3/2 6568.41 9.10E+12 -0.750
40 TR [(1s2s2p1/2)1/2(2p23/2)0]1/2 4897.90 1.171E-21 0.000 [1s
2(2s2p1/2)12p3/2]3/2 6603.13 5.24E+10 0.000
[1s2(2s2p1/2)12p3/2]1/2 6588.10 2.29E+14 0.000
[1s22s2p23/2]1/2 6572.77 2.05E+14 0.000
[1s22s2p23/2]3/2 6570.81 5.57E+13 0.000
41 TR [(1s2s)02p33/2]3/2 4908.55 1.589E-21 -1.000 [1s
2(2s2p1/2)12p3/2]5/2 6643.30 4.32E+10 0.143
[1s22s2p23/2]5/2 6611.14 6.84E+12 0.143
[1s2(2s2p1/2)12p3/2]1/2 6598.75 1.40E+11 0.600
[1s22s2p23/2]1/2 6583.42 4.01E+12 0.600
[1s22s2p23/2]3/2 6581.46 2.25E+14 -0.750
42 TR [(1s2s)12p33/2]1/2 4912.38 6.465E-22 0.000 [1s
2(2s2p1/2)02p3/2]3/2 6653.71 1.83E+11 0.000
[1s2(2s2p1/2)12p3/2]3/2 6617.60 6.04E+12 0.000
[1s2(2s2p1/2)12p3/2]1/2 6602.57 2.75E+11 0.000
[1s22s2p23/2]1/2 6587.24 8.44E+13 0.000
[1s22s2p23/2]3/2 6585.28 6.22E+14 0.000
43 DR [1s2s2(2p23/2)2]5/2 4923.25 1.484E-24 -1.069 [1s
22p21/22p3/2]3/2 6565.97 2.18E+14 0.500
[1s22p1/22p23/2]3/2 6546.73 1.01E+13 0.500
[1s22p1/22p23/2]5/2 6543.03 1.74E+13 -0.889
44 QR [(1s2p1/2)02p33/2]3/2 4933.39 3.293E-25 -1.000 [1s
22s22p3/2]3/2 6715.87 4.59E+10 -0.750
[1s22p21/22p3/2]3/2 6576.11 2.51E+14 -0.750
[1s22p1/22p23/2]3/2 6556.88 1.12E+13 -0.750
[1s22p1/22p23/2]5/2 6553.17 1.11E+13 0.143
[1s22p1/22p23/2]1/2 6534.64 2.99E+11 0.600
[1s22p33/2]3/2 6527.83 6.75E+11 -0.750
45 DR [1s2s2(2p23/2)0]1/2 4936.68 1.447E-23 0.000 [1s
22p21/22p3/2]3/2 6579.40 2.37E+14 0.000
[1s22p1/22p23/2]3/2 6560.17 1.98E+12 0.000
[1s22p1/22p23/2]1/2 6537.93 1.05E+13 0.000
[1s22p33/2]3/2 6531.11 1.84E+12 0.000
46 DR [1s2s2(2p23/2)2]3/2 4951.02 1.711E-24 -1.000 [1s
22s22p3/2]3/2 6733.50 1.84E+11 -0.750
[1s22p21/22p3/2]3/2 6593.74 2.20E+12 -0.750
[1s22p1/22p23/2]3/2 6574.51 4.92E+14 -0.750
[1s22p1/22p23/2]5/2 6570.80 1.05E+14 0.143
[1s22p1/22p23/2]1/2 6552.27 5.44E+12 0.600
[1s22p33/2]3/2 6545.46 4.49E+13 -0.750
47 QR [(1s2p1/2)12p33/2]5/2 4955.44 6.369E-24 -1.069 [1s
22s22p3/2]3/2 6737.92 6.15E+10 0.500
[1s22p21/22p3/2]3/2 6598.16 1.69E+12 0.500
[1s22p1/22p23/2]5/2 6575.22 3.15E+14 -0.889
[1s22p33/2]3/2 6549.88 1.46E+14 0.500
48 QR [(1s2p1/2)12p33/2]3/2 4963.14 4.678E-24 -1.000 [1s
22p21/22p3/2]3/2 6605.87 2.99E+12 -0.750
[1s22p1/22p23/2]3/2 6586.63 2.96E+12 -0.750
[1s22p1/22p23/2]5/2 6582.92 4.66E+14 0.143
[1s22p1/22p23/2]1/2 6564.40 1.55E+14 0.600
[1s22p33/2]3/2 6557.58 1.34E+14 -0.750
49 QR [(1s2p1/2)12p33/2]1/2 4963.93 2.826E-23 0.000 [1s
22s22p1/2]1/2 6761.00 1.30E+11 0.000
[1s22p21/22p3/2]3/2 6606.65 1.16E+11 0.000
[1s22p1/22p23/2]3/2 6587.42 3.96E+14 0.000
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TABLE 6—Continued
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s22p1/22p23/2]1/2 6565.18 3.63E+14 0.000
[1s22p33/2]3/2 6558.37 1.42E+14 0.000
50 QR [1s2p43/2]1/2 4989.87 1.090E-22 0.000 [1s
22s22p3/2]3/2 6772.35 1.17E+11 0.000
[1s22p21/22p3/2]3/2 6632.59 1.76E+11 0.000
[1s22p1/22p23/2]3/2 6613.36 5.84E+11 0.000
[1s22p1/22p23/2]1/2 6591.13 2.78E+13 0.000
[1s22p33/2]3/2 6584.31 5.06E+14 0.000
Table 7 Fe XXII theoretical data. Initial (ground) state: [1s22s22p1/2]1/2
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
21 DR [1s2s22p21/22p3/2]2 4830.72 5.975E-22 -0.897 [1s
22s22p1/22p3/2]1 6509.07 9.96E+12 0.474
[1s22s22p1/22p3/2]2 6503.59 9.31E+12 -0.693
[1s22s22p23/2]2 6487.56 3.27E+11 -0.693
[1s22p21/22p
2
3/2]2 6313.38 1.32E+11 -0.693
[1s22p1/22p33/2]1 6301.89 5.52E+09 0.474
22 DR [1s2s22p21/22p3/2]1 4856.94 4.736E-20 -0.684 [1s
22s22p21/2]0 6544.47 2.85E+14 0.584
[1s22s22p1/22p3/2]1 6535.29 2.63E+12 -0.412
[1s22s22p1/22p3/2]2 6529.81 5.00E+13 0.071
[1s22s22p23/2]2 6513.78 7.83E+12 0.071
[1s22s22p23/2]0 6498.33 3.65E+10 0.584
[1s22p21/22p
2
3/2]2 6339.60 2.27E+12 0.071
[1s22p21/22p
2
3/2]0 6328.44 6.89E+11 0.584
[1s22p1/22p33/2]1 6328.11 2.96E+11 -0.412
23 DR [(1s2s22p1/2)0(2p23/2)2]2 4858.90 5.790E-20 -0.977 [1s
22s22p1/22p3/2]1 6537.26 2.13E+14 0.509
[1s22s22p1/22p3/2]2 6531.77 5.96E+12 -0.770
[1s22s22p23/2]2 6515.74 1.51E+13 -0.770
[1s22p21/22p
2
3/2]2 6341.57 2.13E+12 -0.770
[1s22p1/22p33/2]1 6330.08 4.10E+11 0.509
24 DR [(1s2s22p1/2)1(2p23/2)2]3 4862.63 2.611E-20 -0.990 [1s
22s22p1/22p3/2]2 6535.50 1.76E+14 0.439
[1s22s22p23/2]2 6519.47 5.08E+13 0.439
[1s22p21/22p
2
3/2]2 6345.30 2.50E+12 0.439
[1s22p1/22p33/2]2 6323.08 1.64E+11 0.439
25 DR [(1s2s22p1/2)1(2p23/2)2]1 4869.65 7.145E-21 -0.630 [1s
22s22p21/2]0 6557.19 2.48E+13 0.547
[1s22s22p1/22p3/2]1 6548.01 4.64E+14 -0.376
[1s22s22p1/22p3/2]2 6542.52 1.52E+14 0.065
[1s22s22p23/2]2 6526.49 2.61E+13 0.065
[1s22s22p23/2]0 6511.04 1.73E+11 0.547
[1s22p21/22p
2
3/2]2 6352.32 4.36E+12 0.065
[1s22p1/22p33/2]1 6340.83 2.53E+12 -0.376
[1s22p1/22p33/2]2 6330.10 1.62E+11 0.065
26 DR [(1s2s22p1/2)0(2p23/2)0]0 4874.35 5.027E-21 0.000 [1s
22s22p1/22p3/2]1 6552.70 2.39E+14 0.000
[1s22p1/22p33/2]1 6345.52 2.95E+12 0.000
27 DR [(1s2s22p1/2)1(2p23/2)2]2 4875.74 2.464E-20 -0.619 [1s
22s22p1/22p3/2]1 6554.09 4.33E+12 0.344
[1s22s22p1/22p3/2]2 6548.61 3.21E+14 -0.446
[1s22s22p23/2]2 6532.58 5.85E+13 -0.446
[1s22p21/22p
2
3/2]2 6358.40 1.23E+12 -0.446
[1s22p1/22p33/2]1 6346.91 1.67E+12 0.344
[1s22p1/22p33/2]2 6336.19 1.49E+12 -0.446
28 DR [(1s2s22p1/2)1(2p23/2)0]1 4877.43 1.696E-20 -0.013 [1s
22s22p21/2]0 6564.97 7.32E+11 0.014
[1s22s22p1/22p3/2]1 6555.78 1.90E+11 -0.007
[1s22s22p1/22p3/2]2 6550.30 3.79E+14 0.001
[1s22s22p23/2]2 6534.27 4.81E+12 0.001
[1s22s22p23/2]0 6518.82 3.99E+13 0.014
[1s22p21/22p
2
3/2]2 6360.09 1.30E+11 0.001
[1s22p21/22p
2
3/2]0 6348.93 2.71E+12 0.014
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i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s22p1/22p33/2]1 6348.60 1.75E+12 -0.007
[1s22p1/22p33/2]2 6337.88 4.37E+11 0.001
29 TR [1s2s22p33/2]2 4888.31 1.087E-20 -0.629 [1s
22s22p1/22p3/2]1 6566.67 3.31E+12 0.349
[1s22s22p1/22p3/2]2 6561.18 4.64E+12 -0.454
[1s22s22p23/2]2 6545.15 5.22E+14 -0.454
[1s22p1/22p33/2]1 6359.49 7.90E+11 0.349
[1s22p1/22p33/2]2 6348.76 5.54E+12 -0.454
30 TR [1s2s22p33/2]1 4898.85 9.576E-21 -0.534 [1s
22s22p1/22p3/2]1 6577.20 3.78E+12 -0.313
[1s22s22p1/22p3/2]2 6571.72 1.13E+11 0.056
[1s22s22p23/2]2 6555.69 4.20E+14 0.056
[1s22s22p23/2]0 6540.24 2.64E+14 0.477
[1s22p21/22p
2
3/2]0 6370.35 9.62E+10 0.477
[1s22p1/22p33/2]1 6370.02 3.15E+11 -0.313
[1s22p1/22p33/2]2 6359.30 5.39E+12 0.056
[1s22p43/2]0 6330.08 2.23E+12 0.477
31 TR [(1s2s)12p21/2(2p
2
3/2)2]3 4902.11 9.434E-27 -0.990 [1s
22s2p21/22p3/2]2 6531.53 2.25E+14 0.000
[1s2(2s2p1/2)02p23/2]2 6493.29 3.20E+12 0.000
[1s2(2s2p1/2)12p23/2]3 6490.10 6.59E+12 0.000
[1s22s2p33/2]2 6472.74 1.65E+11 0.000
32 TR [(1s2s2p1/2)1/2(2p33/2)3/2]2 4911.29 2.208E-25 -0.758 [1s
22s2p21/22p3/2]2 6540.71 2.32E+14 0.000
[1s22s2p21/22p3/2]1 6502.47 7.16E+11 0.000
[1s2(2s2p1/2)02p23/2]2 6502.47 2.55E+12 0.000
[1s2(2s2p1/2)12p23/2]3 6499.28 1.46E+12 0.000
[1s2(2s2p1/2)1(2p23/2)0]1 6484.03 4.21E+11 0.000
[1s22s2p33/2]2 6481.92 1.95E+12 0.000
[1s2(2s2p1/2)12p23/2]1 6461.80 3.17E+11 0.000
33 TR [(1s2s)12p21/2(2p
2
3/2)0]1 4915.18 1.337E-24 -0.707 [1s
22s2p21/22p3/2]2 6544.59 2.33E+14 0.073
[1s22s2p21/22p3/2]1 6506.36 2.22E+11 -0.429
[1s2(2s2p1/2)02p23/2]2 6506.35 1.73E+11 0.073
[1s2(2s2p1/2)0(2p23/2)0]0 6488.97 1.78E+12 0.600
[1s2(2s2p1/2)1(2p23/2)0]1 6487.92 3.74E+12 -0.429
[1s22s2p33/2]2 6485.80 1.20E+12 0.073
[1s2(2s2p1/2)12p23/2]1 6465.69 3.16E+11 -0.429
34 TR [(1s2s)12p21/2(2p
2
3/2)2]2 4946.93 4.540E-23 -0.871 [1s
22s2p21/22p3/2]2 6576.35 2.10E+12 -0.669
[1s22s2p21/22p3/2]1 6538.11 4.45E+13 0.463
[1s2(2s2p1/2)02p23/2]2 6538.11 4.69E+14 -0.669
[1s2(2s2p1/2)12p23/2]3 6534.92 1.88E+14 0.149
[1s22s2p33/2]2 6517.56 5.98E+13 -0.669
[1s2(2s2p1/2)12p23/2]1 6497.44 1.49E+12 0.463
[1s2(2s2p1/2)12p23/2]2 6493.18 2.00E+12 -0.669
[1s22s2p33/2]1 6476.55 1.68E+11 0.463
35 TR [(1s2s)12p21/2(2p
2
3/2)2]1 4949.60 3.820E-23 -0.709 [1s
22s2p21/22p3/2]2 6579.02 2.02E+11 0.073
[1s22s2p21/22p3/2]1 6540.78 5.32E+14 -0.430
[1s2(2s2p1/2)02p23/2]2 6540.78 8.19E+11 0.073
[1s2(2s2p1/2)0(2p23/2)0]0 6523.39 1.46E+11 0.601
[1s2(2s2p1/2)1(2p23/2)0]1 6522.34 2.02E+13 -0.430
[1s22s2p33/2]2 6520.23 4.89E+13 0.073
[1s2(2s2p1/2)12p23/2]1 6500.11 4.02E+12 -0.430
[1s2(2s2p1/2)12p23/2]2 6495.85 2.50E+12 0.073
36 QR [(1s2s2p1/2)3/2(2p33/2)3/2]3 4952.42 4.130E-26 -0.990 [1s
22s2p21/22p3/2]2 6581.84 3.17E+11 0.000
[1s2(2s2p1/2)02p23/2]2 6543.60 1.29E+12 0.000
[1s2(2s2p1/2)12p23/2]3 6540.41 3.04E+14 0.000
[1s22s2p33/2]2 6523.05 1.42E+14 0.000
[1s2(2s2p1/2)12p23/2]2 6498.67 9.50E+12 0.000
37 QR [(1s2s2p1/2)3/2(2p33/2)3/2]2 4954.71 2.092E-23 -0.899 [1s
22s2p21/22p3/2]2 6584.12 1.68E+12 -0.695
[1s22s2p21/22p3/2]1 6545.89 4.99E+11 0.475
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TABLE 7—Continued
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s2(2s2p1/2)02p23/2]2 6545.89 2.52E+13 -0.695
[1s2(2s2p1/2)12p23/2]3 6542.69 3.03E+14 0.153
[1s2(2s2p1/2)1(2p23/2)0]1 6527.45 1.80E+14 0.475
[1s22s2p33/2]2 6525.33 5.33E+13 -0.695
[1s2(2s2p1/2)12p23/2]1 6505.22 6.41E+12 0.475
[1s2(2s2p1/2)12p23/2]2 6500.95 2.31E+12 -0.695
[1s22s2p33/2]1 6484.33 1.71E+12 0.475
38 QR [(1s2s2p1/2)1/2(2p33/2)3/2]1 4958.11 1.286E-23 -0.709 [1s
22s2p21/22p3/2]2 6587.52 4.59E+11 0.073
[1s22s2p21/22p3/2]1 6549.29 8.54E+12 -0.430
[1s2(2s2p1/2)02p23/2]2 6549.29 3.34E+14 0.073
[1s2(2s2p1/2)0(2p23/2)0]0 6531.90 2.21E+14 0.601
[1s2(2s2p1/2)1(2p23/2)0]1 6530.85 3.79E+13 -0.430
[1s22s2p33/2]2 6528.73 1.34E+14 0.073
[1s2(2s2p1/2)12p23/2]1 6508.62 9.10E+12 -0.430
[1s2(2s2p1/2)12p23/2]2 6504.35 6.88E+12 0.073
[1s22s2p33/2]1 6487.73 3.05E+11 -0.430
39 QR [(1s2s2p1/2)3/2(2p33/2)3/2]0 4959.57 9.756E-23 0.000 [1s
22s2p21/22p3/2]1 6550.75 2.67E+14 0.000
[1s2(2s2p1/2)1(2p23/2)0]1 6532.32 6.04E+14 0.000
[1s2(2s2p1/2)12p23/2]1 6510.08 3.78E+13 0.000
[1s22s2p33/2]1 6489.19 7.49E+11 0.000
40 TR [(1s2s)12p21/2(2p
2
3/2)0]1 4973.99 2.888E-22 -0.709 [1s
22s2p21/22p3/2]2 6603.40 1.24E+11 0.073
[1s2(2s2p1/2)02p23/2]2 6565.16 2.75E+12 0.073
[1s2(2s2p1/2)0(2p23/2)0]0 6547.78 7.97E+12 0.601
[1s2(2s2p1/2)1(2p23/2)0]1 6546.73 9.58E+13 -0.430
[1s22s2p33/2]2 6544.61 3.54E+14 0.073
[1s2(2s2p1/2)12p23/2]1 6524.50 6.17E+12 -0.430
[1s2(2s2p1/2)12p23/2]2 6520.23 4.01E+11 0.073
[1s22s2p33/2]1 6503.61 1.83E+13 -0.430
41 TR [(1s2s)02p21/2(2p
2
3/2)2]2 4976.63 2.794E-24 -0.734 [1s
22s2p21/22p3/2]1 6567.81 4.79E+11 0.399
[1s2(2s2p1/2)02p23/2]2 6567.81 9.23E+11 -0.544
[1s2(2s2p1/2)12p23/2]3 6564.62 6.70E+13 0.126
[1s2(2s2p1/2)1(2p23/2)0]1 6549.37 5.93E+12 0.399
[1s22s2p33/2]2 6547.26 6.98E+11 -0.544
[1s2(2s2p1/2)12p23/2]1 6527.14 1.82E+14 0.399
[1s2(2s2p1/2)12p23/2]2 6522.88 1.19E+14 -0.544
[1s22s2p33/2]1 6506.25 1.23E+11 0.399
42 TR [(1s2s)02p21/2(2p
2
3/2)0]0 4985.60 2.466E-22 0.000 [1s
22s2p21/22p3/2]1 6576.78 2.08E+12 0.000
[1s2(2s2p1/2)1(2p23/2)0]1 6558.34 7.01E+13 0.000
[1s2(2s2p1/2)12p23/2]1 6536.11 2.29E+14 0.000
[1s22s2p33/2]1 6515.22 2.86E+13 0.000
43 QR [(1s2s2p1/2)1/2(2p33/2)3/2]2 4986.66 3.514E-22 -0.784 [1s
22s2p21/22p3/2]1 6577.84 2.81E+11 0.423
[1s2(2s2p1/2)02p23/2]2 6577.83 8.62E+10 -0.589
[1s2(2s2p1/2)12p23/2]3 6574.64 6.39E+10 0.134
[1s2(2s2p1/2)1(2p23/2)0]1 6559.40 2.59E+12 0.423
[1s22s2p33/2]2 6557.28 1.65E+13 -0.589
[1s2(2s2p1/2)12p23/2]1 6537.17 1.98E+13 0.423
[1s2(2s2p1/2)12p23/2]2 6532.90 2.21E+14 -0.589
[1s22s2p33/2]1 6516.28 1.31E+14 0.423
44 QR [(1s2s2p1/2)1/2(2p33/2)3/2]1 4988.54 1.323E-22 -0.709 [1s
2(2s2p1/2)02p23/2]2 6579.72 5.88E+11 0.073
[1s2(2s2p1/2)0(2p23/2)0]0 6562.33 4.30E+11 0.601
[1s2(2s2p1/2)1(2p23/2)0]1 6561.28 4.63E+10 -0.430
[1s22s2p33/2]2 6559.17 7.40E+13 0.073
[1s2(2s2p1/2)12p23/2]1 6539.05 2.35E+14 -0.430
[1s2(2s2p1/2)12p23/2]2 6534.79 5.89E+13 0.073
[1s22s2p33/2]1 6518.16 1.88E+12 -0.430
45 QR [(1s2s2p1/2)3/2(2p33/2)3/2]1 5001.97 1.159E-22 -0.709 [1s
2(2s2p1/2)02p23/2]2 6593.15 1.58E+12 0.073
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i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s2(2s2p1/2)0(2p23/2)0]0 6575.76 4.80E+11 0.601
[1s2(2s2p1/2)1(2p23/2)0]1 6574.71 4.93E+11 -0.430
[1s22s2p33/2]2 6572.60 1.42E+12 0.073
[1s2(2s2p1/2)12p23/2]1 6552.48 4.95E+12 -0.430
[1s2(2s2p1/2)12p23/2]2 6548.22 5.23E+14 0.073
[1s22s2p33/2]1 6531.59 3.06E+14 -0.430
46 QR [(1s2s)02p43/2]0 5011.65 4.428E-23 0.000 [1s
2(2s2p1/2)1(2p23/2)0]1 6584.39 1.15E+12 0.000
[1s22s2p33/2]1 6541.27 4.24E+14 0.000
47 TR [1s2s22p33/2]2 5051.42 5.625E-26 -0.854 [1s
22p21/22p
2
3/2]2 6534.09 3.12E+14 -0.652
[1s22p1/22p33/2]1 6522.60 1.14E+14 0.454
[1s22p1/22p33/2]2 6511.87 3.11E+13 -0.652
48 TR [1s2s22p33/2]1 5059.27 4.833E-24 -0.529 [1s
22p21/22p
2
3/2]2 6541.93 2.37E+14 0.055
[1s22p21/22p
2
3/2]0 6530.77 1.53E+14 0.473
[1s22p1/22p33/2]1 6530.44 9.83E+13 -0.310
[1s22p1/22p33/2]2 6519.72 3.63E+13 0.055
[1s22p43/2]0 6490.50 1.79E+11 0.473
49 QR [1s2p1/22p43/2]0 5068.26 5.516E-24 0.000 [1s
22p1/22p33/2]1 6539.43 4.59E+14 0.000
50 QR [1s2p1/22p43/2]1 5078.79 1.601E-23 -0.322 [1s
22s22p23/2]0 6720.17 9.71E+10 0.307
[1s22p21/22p
2
3/2]2 6561.45 8.82E+12 0.034
[1s22p21/22p
2
3/2]0 6550.29 9.86E+10 0.307
[1s22p1/22p33/2]1 6549.96 1.61E+13 -0.181
[1s22p1/22p33/2]2 6539.23 6.92E+14 0.034
[1s22p43/2]0 6510.01 1.55E+14 0.307
Table 8 Fe XXI theoretical data. Initial (ground) state: [1s22s22p21/2]0
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
16 DR [1s2s22p21/2(2p
2
3/2)2]5/2 4925.71 3.800E-20 -1.069 [1s
22s22p21/22p3/2]3/2 6497.29 2.04E+14 0.500
[1s22s22p1/22p23/2]3/2 6479.47 1.48E+13 0.500
[1s22s22p1/22p23/2]5/2 6474.72 1.76E+13 -0.889
[1s22s22p33/2]3/2 6456.86 1.25E+11 0.500
[1s22p21/22p
3
3/2]3/2 6252.29 7.30E+10 0.500
17 DR [(1s2s22p1/2)0(2p33/2)3/2]3/2 4935.53 9.324E-21 -1.000 [1s
22s22p21/22p3/2]3/2 6507.10 2.42E+14 -0.750
[1s22s22p1/22p23/2]3/2 6489.29 6.87E+12 -0.750
[1s22s22p1/22p23/2]5/2 6484.54 1.19E+13 0.143
[1s22s22p1/22p23/2]1/2 6474.42 2.67E+11 0.600
[1s22s22p33/2]3/2 6466.67 3.46E+12 -0.750
[1s22p21/22p
3
3/2]3/2 6262.11 2.43E+11 -0.750
18 DR [1s2s22p21/2(2p
2
3/2)0]1/2 4937.75 7.103E-21 0.000 [1s
22s22p21/22p3/2]3/2 6509.32 2.28E+14 0.000
[1s22s22p1/22p23/2]3/2 6491.51 6.07E+11 0.000
[1s22s22p1/22p23/2]1/2 6476.64 2.18E+13 0.000
[1s22s22p33/2]3/2 6468.89 3.29E+12 0.000
[1s22p21/22p
3
3/2]3/2 6264.33 1.60E+11 0.000
[1s22p1/22p43/2]1/2 6251.09 3.92E+10 0.000
19 TR [1s2s22p21/2(2p
2
3/2)2]3/2 4952.23 1.715E-20 -1.000 [1s
22s22p21/22p3/2]3/2 6523.81 5.98E+12 -0.750
[1s22s22p1/22p23/2]3/2 6505.99 4.84E+14 -0.750
[1s22s22p1/22p23/2]5/2 6501.24 1.04E+14 0.143
[1s22s22p1/22p23/2]1/2 6491.13 4.52E+12 0.600
[1s22s22p33/2]3/2 6483.38 1.49E+13 -0.750
[1s22p21/22p
3
3/2]3/2 6278.81 3.08E+12 -0.750
[1s22p1/22p43/2]1/2 6265.57 7.37E+10 0.600
20 TR [(1s2s22p1/2)1(2p33/2)3/2]5/2 4956.72 3.107E-22 -1.069 [1s
22s22p21/22p3/2]3/2 6528.29 6.93E+11 0.500
[1s22s22p1/22p23/2]3/2 6510.48 1.84E+12 0.500
[1s22s22p1/22p23/2]5/2 6505.73 3.00E+14 -0.889
[1s22s22p33/2]3/2 6487.86 1.33E+14 0.500
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i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s22p21/22p
3
3/2]3/2 6283.30 1.99E+12 0.500
21 TR [(1s2s22p1/2)1(2p33/2)3/2]1/2 4962.19 5.244E-21 0.000 [1s
22s22p1/22p23/2]3/2 6515.95 3.30E+14 0.000
[1s22s22p1/22p23/2]1/2 6501.08 3.55E+14 0.000
[1s22s22p33/2]3/2 6493.33 6.68E+13 0.000
[1s22p21/22p
3
3/2]3/2 6288.77 3.62E+12 0.000
[1s22p1/22p43/2]1/2 6275.53 1.09E+12 0.000
22 TR [(1s2s22p1/2)1(2p33/2)3/2]3/2 4963.99 9.444E-21 -1.000 [1s
22s22p21/22p3/2]3/2 6535.56 4.02E+12 -0.750
[1s22s22p1/22p23/2]3/2 6517.75 6.72E+11 -0.750
[1s22s22p1/22p23/2]5/2 6513.00 4.42E+14 0.143
[1s22s22p1/22p23/2]1/2 6502.88 1.42E+14 0.600
[1s22s22p33/2]3/2 6495.13 1.23E+14 -0.750
[1s22p21/22p
3
3/2]3/2 6290.57 1.80E+12 -0.750
[1s22p1/22p43/2]1/2 6277.33 2.30E+12 0.600
23 QR [1s2s22p43/2)]1/2 4980.27 3.971E-23 0.000 [1s
22s22p21/22p3/2]3/2 6551.84 8.35E+10 0.000
[1s22s22p1/22p23/2]3/2 6534.03 6.13E+12 0.000
[1s22s22p1/22p23/2]1/2 6519.16 7.41E+11 0.000
[1s22s22p33/2]3/2 6511.41 5.93E+14 0.000
[1s22p1/22p43/2]1/2 6293.61 3.99E+12 0.000
24 TR [(1s2s)12p21/22p
3
3/2]5/2 5021.40 3.038E-26 -1.069 [1s
22s2p21/22p
2
3/2]5/2 6500.12 3.05E+14 -0.889
[1s2(2s2p1/2)02p33/2]3/2 6491.72 1.32E+14 0.500
[1s22s2p21/22p
2
3/2]3/2 6462.46 1.77E+12 0.500
[1s2(2s2p1/2)12p33/2]5/2 6460.61 8.25E+12 -0.889
[1s2(2s2p1/2)12p33/2]3/2 6436.97 3.39E+11 0.500
25 TR [(1s2s)12p21/22p
3
3/2]3/2 5028.92 6.737E-23 -1.000 [1s
22s2p21/22p
2
3/2]5/2 6507.64 2.11E+14 0.143
[1s2(2s2p1/2)02p33/2]3/2 6499.24 5.59E+13 -0.750
[1s22s2p21/22p
2
3/2]1/2 6496.50 1.84E+14 0.600
[1s22s2p21/22p
2
3/2]3/2 6469.98 4.17E+12 -0.750
[1s2(2s2p1/2)12p33/2]5/2 6468.13 4.15E+12 0.143
[1s22s2p21/22p
2
3/2]1/2 6450.84 9.21E+11 0.600
[1s2(2s2p1/2)12p33/2]3/2 6444.49 1.02E+12 -0.750
26 QR [((1s2s)12p1/2)1/22p43/2]1/2 5035.42 1.925E-23 0.000 [1s
2(2s2p1/2)02p33/2]3/2 6505.74 3.76E+14 0.000
[1s22s2p21/22p
2
3/2]1/2 6503.01 7.58E+13 0.000
[1s22s2p21/22p
2
3/2]3/2 6476.48 3.30E+12 0.000
[1s22s2p21/22p
2
3/2]1/2 6457.34 1.82E+11 0.000
[1s2(2s2p1/2)12p33/2]3/2 6451.00 1.30E+12 0.000
[1s22s2p43/2]1/2 6439.13 1.03E+12 0.000
27 TR [(1s2s)02p21/22p
3
3/2]3/2 5060.14 1.790E-22 -1.000 [1s
22s2p21/22p
2
3/2]5/2 6538.86 4.28E+12 0.143
[1s2(2s2p1/2)02p33/2]3/2 6530.45 5.74E+12 -0.750
[1s22s2p21/22p
2
3/2]1/2 6527.72 3.79E+11 0.600
[1s22s2p21/22p
2
3/2]3/2 6501.19 8.73E+13 -0.750
[1s2(2s2p1/2)12p33/2]5/2 6499.35 5.43E+14 0.143
[1s22s2p21/22p
2
3/2]1/2 6482.06 1.31E+14 0.600
[1s2(2s2p1/2)12p33/2]3/2 6475.71 4.54E+13 -0.750
[1s22s2p43/2]1/2 6463.85 3.02E+12 0.600
28 TR [(1s2s)12p21/22p
3
3/2]1/2 5063.48 8.992E-23 0.000 [1s
22s2p21/22p
2
3/2]1/2 6531.06 1.76E+12 0.000
[1s22s2p21/22p
2
3/2]3/2 6504.54 7.28E+14 0.000
[1s22s2p21/22p
2
3/2]1/2 6485.40 1.17E+14 0.000
[1s2(2s2p1/2)12p33/2]3/2 6479.05 3.17E+13 0.000
[1s22s2p43/2]1/2 6467.19 2.73E+13 0.000
29 QR [((1s2s)12p1/2)3/22p43/2]3/2 5079.02 1.037E-22 -1.000 [1s
22s2p21/22p
2
3/2]1/2 6546.61 2.46E+11 0.600
[1s22s2p21/22p
2
3/2]3/2 6520.08 5.42E+10 -0.750
[1s2(2s2p1/2)12p33/2]5/2 6518.24 1.32E+14 0.143
[1s22s2p21/22p
2
3/2]1/2 6500.95 1.24E+12 0.600
[1s2(2s2p1/2)12p33/2]3/2 6494.60 3.15E+14 -0.750
[1s22s2p43/2]1/2 6482.73 8.86E+13 0.600
30 QR [((1s2s)02p1/2)1/22p43/2]1/2 5086.05 1.223E-23 0.000 [1s
2(2s2p1/2)02p33/2]3/2 6556.37 6.34E+10 0.000
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TABLE 8—Continued
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
[1s22s2p21/22p
2
3/2]1/2 6553.63 5.09E+11 0.000
[1s22s2p21/22p
2
3/2]3/2 6527.10 2.30E+12 0.000
[1s22s2p21/22p
2
3/2]1/2 6507.97 6.20E+13 0.000
[1s2(2s2p1/2)12p33/2]3/2 6501.62 1.51E+14 0.000
[1s22s2p43/2]1/2 6489.76 2.39E+14 0.000
31 QR [1s2s22p43/2)]1/2 5173.74 3.187E-24 0.000 [1s
22p21/22p
3
3/2]3/2 6500.32 4.48E+14 0.000
[1s22p1/22p43/2]1/2 6487.08 2.23E+14 0.000
Table 9 Fe XX theoretical data. Initial (ground) state: [1s22s22p21/22p3/2]3/2
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
11 DR [1s2s22p21/22p
3
3/2]2 5010.46 3.597E-21 -0.100 [1s
22s22p21/22p
2
3/2]2 6466.76 2.97E+14 0.348
[1s22s22p1/22p33/2]1 6455.73 1.09E+14 -0.453
[1s22s22p1/22p33/2]2 6445.45 3.02E+13 0.348
12 DR [1s2s22p21/22p
3
3/2]1 5017.98 1.721E-21 0.143 [1s
22s22p21/22p
2
3/2]2 6474.28 2.26E+14 -0.059
[1s22s22p21/22p
2
3/2]0 6465.02 1.44E+14 -0.723
[1s22s22p1/22p33/2]1 6463.25 9.35E+13 0.265
[1s22s22p1/22p33/2]2 6452.97 3.66E+13 -0.059
[1s22s22p43/2]0 6434.16 8.80E+11 -0.723
[1s22p21/22p
4
3/2]0 6205.66 3.56E+11 -0.723
13 TR [1s2s22p1/22p43/2]0 5026.69 4.567E-23 0.000 [1s
22s22p1/22p33/2]1 6471.95 4.37E+14 0.000
14 TR [1s2s22p1/22p43/2]1 5036.69 1.268E-21 -0.496 [1s
22s22p21/22p
2
3/2]2 6492.99 7.99E+12 -0.059
[1s22s22p21/22p
2
3/2]0 6483.74 6.00E+11 -0.723
[1s22s22p1/22p33/2]1 6481.96 1.56E+13 0.266
[1s22s22p1/22p33/2]2 6471.68 6.58E+14 -0.059
[1s22s22p43/2]0 6452.88 1.40E+14 -0.723
[1s22p21/22p
4
3/2]0 6224.37 2.78E+12 -0.723
15 TR [1s2s2p21/22p
4
3/2]1 5127.18 7.243E-24 0.101 [1s
22s2p21/22p
3
3/2]2 6468.56 3.64E+14 -0.055
[1s22s2p1/22p43/2]1 6460.87 2.12E+14 0.249
[1s22s2p1/22p43/2]0 6455.35 7.27E+13 -0.662
[1s22s2p21/22p
3
3/2]1 6424.24 6.20E+12 0.249
16 TR [1s2s2p21/22p
4
3/2]0 5156.16 1.268E-23 0.000 [1s
22s2p1/22p43/2]1 6489.85 1.90E+13 0.000
[1s22s2p21/22p
3
3/2]1 6453.22 6.47E+14 0.000
Table 10 Fe XIX theoretical data. Initial (ground) state: [1s22s22p21/22p
2
3/2]2
i Process Intermediate excited Eres SDR A2 Final EX-ray Ad fr PDR
state (eV) (cm2eV) state (eV) (s−1)
13 DR [1s2s22p21/22p
4
3/2]1/2 5080.14 3.968E-21 0.000 [1s
22s22p21/22p
3
3/2]3/2 6434.99 4.26E+14 0.000
[1s22s22p1/22p43/2]1/2 6422.33 2.13E+14 0.000
